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Abstract 
 
Geodetic networks are an important field of research in geodetic and surveying science. They provide 
the materialization of reference coordinate systems for many practical geodetic and surveying 
applications. Geodetic network can be adjusted in multiple coordinate systems, but we must reduce 
measurements to the appropriate coordinate system. We present local astronomic, local geodetic, 
geodetic and projected coordinate systems, transformations between them and the reduction of measured 
quantities to the different coordinate systems. We continue with the geodetic network adjustment, where 
we start with the reduction of typical surveying measurements from the physical reality (physical space) 
to three, two and one-dimensional geodetic coordinate systems. We also reduce measurements into the 
two-dimensional projected coordinate system. Based on reduced measurements we present the process 
of the geodetic network adjustment with least squares method. 
 
We also illustrate the geodetic network adjustment process on a practical example. We compare the 
result of geodetic network adjustments in different coordinate systems. Based on these results we prove 
that the geodetic network adjustment is independent of a coordinate system if we properly reduce 
measurements to the appropriate coordinate system. The adjusted point coordinates in the geodetic 
network are, therefore, identical even when adjusted in a geodetic or in a projected coordinate system. 
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Izvleček 
 
Geodetske mreže predstavljajo pomemben segment geodezije, saj nam zagotavljajo materializacijo 
referenčnih  koordinatnih sistemov za številne praktične geodetske naloge. Geodetsko mrežo je mogoče 
izravnati v več koordinatnih sistemih, vendar moramo meritve zato reducirati v ustrezen koordinatni 
sistem. Zato predstavimo lokalni astronomski koordinatni sistem, lokalni geodetski koordinatni sistem, 
geodetski koordinatni sistem in koordinatni sistem kartografske projekcije. Predstavimo tudi 
transformacije med njimi in redukcijo merjenih količin v različne koordinatne sisteme. Nadaljujemo z 
izravnavo geodetske mreže, kjer začnemo z redukcijo meritev iz fizične realnosti (fizičnega prostora) v 
eno, dvo in trodimenzionalni geodetski koordinatni sistem. Meritve reduciramo tudi v dvodimenzionalni 
koordinatni sistem kartografske projekcije. Na podlagi reduciranih meritev predstavimo proces 
izravnave geodetske mreže po metodi najmanjših kvadratov. 
 
Na praktičnem primeru predstavimo proces izravnave geodetske mreže. Primerjamo rezultate izravnave 
geodetske mreže v različnih koordinatnih sistemih. Na podlagi rezultatov dokažemo, da je izravnava 
geodetske mreže neodvisna od koordinatnega sistema, če ustrezno reduciramo meritve v ustrezni 
koordinatni sistem. Izravnane koordinate točk v geodetski mreži so torej identične ne glede na to, ali  so 
izravnane v geodetskem koordinatnem sistemu ali v koordinatnem sistemu kartografske projekcije. 
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INTRODUCTION 
 
When we talk about geodetic networks we must also talk about the geodetic network adjustment. The 
geodetic network is a set of points on the Earth’s surface, which are interconnected to each other with 
the measured quantities. The aim of a geodetic network is to provide high quality reference locations 
for different geodetic and non-geodetic applications. 
 
The points in the geodetic network and their coordinates can be understood as a practical realization of 
a coordinate system. Before the advent of Global Navigation Satellite Systems (GNSS) we had 
established geodetic networks based on terrestrial measurements. They had served as a realization of 
national, regional or local coordinate systems. Point coordinates in these coordinate systems were 
computed in the form of geodetic coordinates or in the form of projection coordinates in a projected 
coordinate system. 
  
Projected coordinate systems are a part of map projections. A map projection is a set of rules for 
portraying the surface of the Earth or its part on a flat surface. The most common usage of map 
projections is for the cartographic representation of the Earth’s surface in the form of maps. Projected 
coordinate systems are commonly used in practical surveying [1].  
 
Point coordinates in geodetic networks are computed based on the adjustment of measured quantities. 
Before the adjustment however, we must properly reduce terrestrial measurements [2]. We must reduce 
terrestrial measurements from the physical reality (physical space) to a reference surface, which can be 
a reference ellipsoid or a plane in map projections. 
 
With the availability of the GNSS observations, we came from local or regional coordinate systems 
realization to the realization of global (terrestrial) coordinate systems. Authors like [3] and [4] have 
already discussed the process of geodetic network adjustment in global coordinate systems. 
 
Within this thesis we present a geodetic network adjustment in projected and geodetic coordinate 
systems. We present basic relations among parameters of the ellipsoid of revolution, basic coordinate 
systems, geodetic problems, reduction of measured quantities, and a geodetic network adjustment.  
 
We will show that the geodetic network adjustment is independent of the used coordinate system if we 
use correctly reduced measure quantities to the used coordinate system. 
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We design a practical example, on which we then adjust a geodetic network. We use basic terrestrial 
measurements, reduce them to the selected coordinate system, and perform a geodetic network 
adjustment. 
 
We also present equations that are needed for a geodetic network adjustment in the geodetic and the 
projected coordinate systems. We will show that an adjustment in the geodetic coordinate system allows 
us more flexibility. We can use different types of measurements and simplify reductions, especially 
when adjusting a geodetic network in the 3D space. 
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SYMBOL DEFINITIONS 
 
For the geodetic network adjustment in different coordinate systems we must distinguish between 
measured quantities, points, functions etc. In the following sections, we define symbols and notations 
which are used throughout the entire thesis. 
 
We have the following point notation: 
 
 𝑠 𝑆𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡 𝑜𝑟 𝑎𝑙𝑠𝑜 𝑘𝑛𝑜𝑤𝑛 𝑎𝑠 "𝑓𝑟𝑜𝑚" 𝑝𝑜𝑖𝑛𝑡  
 𝑡 𝑇𝑎𝑟𝑔𝑒𝑡 𝑝𝑜𝑖𝑛𝑡 𝑜𝑟 𝑎𝑙𝑠𝑜 𝑘𝑛𝑜𝑤𝑛 𝑎𝑠 "𝑡𝑜" 𝑝𝑜𝑖𝑛𝑡  
 
We have following symbols with a point notation in the lower index: 
 
 
𝜑𝑠 𝑋𝑠 𝑥𝑠 𝑛𝑠 𝑁𝑠  
𝜆𝑠 𝑌𝑠 𝑦𝑠 𝑒𝑠 𝐸𝑠 
ℎ𝑠 𝑍𝑠 𝑧𝑠 ℎ𝑠 
 𝐶𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡  
 
 𝜑𝑡 𝑋𝑡 𝑥𝑡 𝑛𝑡 𝑁𝑡   
𝜆𝑡 𝑌𝑡 𝑦𝑡 𝑒𝑡 𝐸𝑡 
ℎ𝑡 𝑍𝑡 𝑧𝑡 ℎ𝑡 
𝐶𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑜𝑖𝑛𝑡 
 
 
 
For measured quantities we use the following symbols with a point notation in lower and upper indices: 
 
 𝛼𝑠
𝑡 𝐴𝑧𝑖𝑚𝑢𝑡ℎ  
 𝑧𝑠
𝑡 𝑍𝑒𝑛𝑖𝑡ℎ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  
 𝑠𝑠
𝑡 𝑆𝑙𝑜𝑝𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  
 ℎ𝑠
𝑡  𝐻𝑒𝑖𝑔ℎ𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒  
 𝑑𝑠
𝑡 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  
 
We have the following symbol for instrument and target heights: 
 
 𝑖 𝐼𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡 ℎ𝑒𝑖𝑔ℎ𝑡  
 𝑙 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑜𝑟 ℎ𝑒𝑖𝑔ℎ𝑡  
 
Other symbols and definitions are also introduced within the following sections of this document. 
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1 GEODETIC AND MATHEMATICAL BASIS 
 
Within this section, we define the mathematical basis for the representation of point coordinates and 
measurements. We start with the ellipsoid of revolution, which represents the mathematical 
approximation of the figure of the Earth and its physical properties. 
 
We follow with coordinate systems and present Local Astronomic (LA), Local Geodetic (LG) and 
Geodetic (G) coordinate systems. We introduce the reference ellipsoid as the reference surface for all 
calculations in geodesy and surveying. 
 
Then we present the transformations between the above-mentioned coordinate systems and introduce 
the solution of geodetic problem in local geodetic and geodetic coordinate systems. 
 
The aim of this section is to introduce the geodetic problem and present equations for the computation 
of azimuth, height difference, horizontal distance, slope distance, and zenith distance between two points 
in geodetic coordinate systems. These quantities are the main elements of the geodetic network 
adjustment, which is explained in subsequent sections. 
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1.1 GEODETIC REFERENCE SYSTEM 
 
Within this section we describe the Geodetic Reference System (GRS), which is geometrical, and the 
mathematical representation of the Earth’s shape and its physical properties [5]. 
 
Geodetic reference systems evolved over time and were transitioned from national or regional reference 
systems to global reference systems, commonly used in global positioning [6]. 
 
The geodetic reference system includes definitions of shape, mass, gravitational field, rotation 
parameters, polar motions, and various physical constants [5]. An adjustment of terrestrial 
measurements in geodetic network requires only geometrical properties of the Geodetic Reference 
System and therefore we are only interested in the geometry of the Geodetic Reference System, which 
is defined with a reference ellipsoid (Figure 1). 
 
 
Figure 1: Representation of a reference ellipsoid 
 
The geometry of the geodetic reference system is defined with the geometry of the reference ellipsoid. 
The reference ellipsoid used in geodesy is always a rotational ellipsoid, which is constructed with a 
rotation of the reference ellipse around its minor axis. The geometry of the reference ellipsoid is 
therefore represented by a pair of reference ellipse parameters [6]: 
 
 𝑎 𝑆𝑒𝑚𝑖 𝑀𝑎𝑗𝑜𝑟 𝐴𝑥𝑖𝑠  
 𝑏 𝑆𝑒𝑚𝑖 𝑀𝑖𝑛𝑜𝑟 𝐴𝑥𝑖𝑠  
 
We can also use different parametrizations of the reference ellipsoid; some of them are presented in the 
following section (1.1.2). 
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1.1.1 REFERENCE ELLIPSOID DEFINITIONS 
 
In geodesy and surveying we use many reference ellipsoids. Some reference ellipsoids are global, and 
some are local. Some commonly used reference ellipsoids and the numerical values of their major and 
minor semi-axes [6] are presented in the following table (Table 1): 
 
NAME TYPE 𝒂 [𝒎] 𝒃 [𝒎] 
GEODETIC REFERENCE SYSYEM (1980), GRS80 GLOBAL 6378137.0000 6356752.3141 
WORLD GEODETIC SYSTEM (1984), WGS84 GLOBAL 6378137.0000 6356752.3142 
WORLD GEODETIC SYSTEM (1972), WGS72 GLOBAL 6378135.0000 6356750.5000 
BESSEL (1841) LOCAL 6377397.1550 6356078.9630 
CLARKE (1866) LOCAL 6378206.4000 6356583.8000 
EVEREST (1830) LOCAL 6377276.3452 6356075.4151 
Table 1: Reference ellipsoid definitions 
 
 
1.1.2 REFERENCE (ROTATIONAL) ELLIPSOID PARAMETERS 
 
Within this section we present parameters which are used to represent the geometry of the reference 
ellipsoid. Based on [6] and [5] we can compute additional ellipsoid parameters with the usage of the 
basic two (𝑎, 𝑏) ellipsoid parameters, described in section 1.1. 
 
Parameterization of first and second flattering: 
 
 𝑓 =
𝑎 − 𝑏
𝑎
 𝑓′ =
𝑎 − 𝑏
𝑏
 (1) 
 
Parameterization of first and second eccentricity: 
 
 𝑒 =
√𝑎2 − 𝑏2
𝑎
= √1 − 𝑏2 𝑎2⁄  𝑒′ =
√𝑎2 − 𝑏2
𝑏
= √𝑎2 𝑏2⁄ − 1 (2) 
 
 
The above relations among rotational ellipsoid parameters are often used in geodetic calculations on a 
reference ellipsoid (section 1.1.3). The reference ellipsoid surface is also the reference surface for the 
reduction of measured quantities from the physical to the computational space (section 2).  
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1.1.3 RADII OF CURVATURE 
 
Within this section, we introduce the radii of the curvature of the reference ellipsoid. The radii of 
curvature of a reference ellipsoid changes from point to point. Based on [6], [7] and [8], the radii of 
curvature are computed on the basis of the reference ellipsoid parameters and the point position on the 
reference ellipsoid. 
 
We present the radii of curvature for different sections of the reference ellipsoid in the direction of the 
meridian, the prime vertical, the parallel and in the direction of azimuth (𝛼𝑠
𝑡
𝐺
). 
 
Radius of curvature of the meridian: 
 
 𝑅𝑀 =
𝑎 ∙ (1 − 𝑒2)
(1 − 𝑒2 ∙ sin2(𝜑))3 2⁄
 (3) 
 
Radius of curvature of the prime vertical: 
 
 𝑅𝑁 =
𝑎
(1 − 𝑒2 ∙ sin2(𝜑))1 2⁄
 (4) 
 
Radius of curvature of the parallel circle: 
 
 𝑅𝑃 =
𝑎 ∙ cos(𝜑)
(1 − 𝑒2 ∙ sin2(𝜑))1 2⁄
= 𝑅𝑁 ∙ cos(𝜑) (5) 
 
Radius of curvature of the normal section in the direction of the geodetic azimuth (𝛼𝑠
𝑡
𝐺
): 
 
 𝑅𝛼 =
𝑅𝑀 ∙ 𝑅𝑁
sin2(𝛼𝑠𝑡𝐺) ∙ 𝑅𝑀 + cos
2(𝛼𝑠𝑡𝐺) ∙ 𝑅𝑁
 (6) 
 
Radius of curvature of the local sphere: 
 
 𝑅𝐺 = √𝑅𝑀 ∙ 𝑅𝑁 (7) 
 
 
The quantities defined above are used for the transformation between geodetic and Cartesian coordinates 
in the geodetic coordinate system (section 1.2.1.3). They are also used for different reductions of the 
measured quantities to the geodetic coordinate system (section 2) and in the geodetic network adjustment 
(section 3). 
 
 
8 
Krašovec, N. 2018. Adjustment of geodetic measurements in geodetic reference system 
Master Th., Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation 
 
The radii of curvature of the reference ellipsoid can be in some practical calculations also computed as 
an average of the radii of curvatures of two different points. These radii are, for example, needed in 
different reductions of measured quantities (section 2) to reference ellipsoids. The following equations 
represent mean radius between two points on the reference ellipsoid [6]: 
 
 𝑅𝑀𝑚 =
𝑅𝑀𝑠 + 𝑅𝑀𝑡
2
 (8) 
 𝑅𝑁𝑚 =
𝑅𝑁𝑠 + 𝑅𝑁𝑡
2
 (9) 
 𝑅𝛼𝑚 =
𝑅𝛼𝑠 + 𝑅𝛼𝑡
2
 (10) 
 𝑅𝐺𝑚 =
𝑅𝐺𝑠 + 𝑅𝐺𝑡
2
 (11) 
 
The above equations are sometimes used for reductions of the measured quantities to the reference 
ellipsoid surface (section 2). 
 
 
1.2 COORDINATE SYSTEM 
 
Within this section we present coordinate systems which are used for the representation of measured 
quantities, for different reductions of measured quantities, for geodetic network adjustment, and for the 
representation of point coordinates.  
 
To define a coordinate system, we must specify the coordinate system origin, orientation, and scale [9]. 
The coordinate system definition may include additional information like the reference surface, scale 
modulation, map projection, etc. 
 
Within the field of geodesy and surveying we use multiple coordinate systems [9], but we present only 
some of them. In the following sections we only present those coordinate systems which are relevant 
for our thesis. 
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1.2.1 COORDINATE SYSTEM TYPES 
 
Geodetic measurements are performed in the physical reality where most of measurements refer to the 
gravity field [7]. To reflect the coordinate system of measurements, a local astronomic (LA) coordinate 
system is introduced [7]. This coordinate system is established at the station point and is orientated to 
the astronomic north [9], the local astronomic coordinate system is, therefore, strongly influenced by 
the Earth’s physical properties and is as such, not practical. To overcome this problem the local geodetic 
(LG) coordinate system is introduced as a computational coordinate system [9].  
 
Both local astronomic and local geodetic coordinate systems are local coordinate systems that share 
common origin. Their main difference is a different orientation in space [9]: 
 
- LA is orientated in the physical space and the 𝑧 axis is represented by normal to geoid 
- LG is orientated in the mathematical space and the ℎ axis is represented by normal to ellipsoid 
 
Both local astronomic and local geodetic coordinate systems are established for each station point. This 
means that, when performing practical measurements in certain areas, we establish multiple local 
coordinate systems, which are connected to each other with measured quantities. To join all local 
coordinate systems into one common coordinate system we use a geodetic (G) coordinate system [9]. 
 
 
1.2.1.1 LOCAL ASTRONOMIC COORDINATE SYSTEM 
 
Within this section we represent the local astronomic (LA) coordinate system in which measurements 
are performed [7]. The local astronomic coordinate system can be also transformed to the local geodetic 
coordinate system [9]. 
 
The local astronomic coordinate system is an Earth-fixed topocentric coordinate system with the 
following properties [9]: 
 
- The origin is in the station point 
- The scale is defined in meters 
- 𝑧 axis is normal to gravity equipotential surface at the station point 
- 𝑥 axis is aligned to the astronomic north 
- 𝑦 axis is directed to the East to form a left-handed system 
10 
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1.2.1.2 LOCAL GEODETIC COORDINATE SYSTEM 
 
Within this section we represent the local geodetic (LG) coordinate system, which can be transformed 
to the geodetic (G) coordinate system [9]. 
 
The local geodetic coordinate system is an Earth-fixed topocentric coordinate system whose origin is in 
the same point as for the local astronomic coordinate system. The local geodetic coordinate system has 
the following properties [9]: 
 
- The origin is in the station point 
- The scale is defined in meters 
- ℎ axis is normal to reference ellipsoid at the station point 
- 𝑛 axis is aligned to the geodetic north 
- 𝑒 axis is directed to the East to form a left-handed system 
 
 
1.2.1.3 GEODETIC COORDINATE SYSTEM 
 
Within this section we represent the geodetic (G) coordinate system. The geodetic coordinate system is 
introduced as one common (global) coordinate system which combines all the local geodetic coordinate 
systems [9]. The geodetic coordinate system is used as the reference coordinate system for the reduction 
of measurements [7] and for the geodetic networks adjustment [4]. 
 
The geodetic coordinate system is a coordinate system with a reference ellipsoid as the reference 
mathematical surface and with the following properties [9]: 
 
- The origin in the centre of reference ellipsoid 
- The scale is defined in meters 
- 𝑍 axis is aligned with the rotation axis of the reference ellipsoid 
- 𝑋 axis is aligned to the first meridian 
- 𝑌 axis is directed to the East to form a right-handed system 
 
The position of the point can be expressed with geodetic (𝜑, 𝜆, ℎ) coordinates, where ℎ represents the 
distance above the reference ellipsoid measured along the normal on the reference ellipsoid. The position 
of the point can also be expressed with Cartesian (𝑋, 𝑌, 𝑍) coordinates [7]. 
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Figure 2: Representation of geodetic coordinate system 
 
Geodetic coordinates can be transformed to Cartesian coordinates with the following equations [7]: 
 
𝑋 = (𝑅𝑁 + ℎ) ∙ 𝑐𝑜𝑠(𝜑) ∙ 𝑐𝑜𝑠(𝜆) (12) 
𝑌 = (𝑅𝑁 + ℎ) ∙ 𝑐𝑜𝑠(𝜑) ∙ 𝑠𝑖𝑛(𝜆) (13) 
𝑍 = (𝑅𝑁 ∙ (1 − 𝑒
2) + ℎ) ∙ 𝑠𝑖𝑛(𝜑) (14) 
 
There is also a reverse solution i.e. from the geodetic to the Cartesian coordinates [7], but this procedure 
will not be explained because it is not needed within this thesis. 
 
In the subsequent subsequent sections, we use the Cartesian coordinate differences between two points. 
The Cartesian coordinate difference is mostly used for the formulation of a geodetic problem in the 
geodetic coordinate system (section 1.3.2). Coordinate differences can be expressed with the following 
form [4]: 
 
𝛥𝑋 = 𝑋𝑡 − 𝑋𝑠 (15) 
𝛥𝑌 = 𝑌𝑡 − 𝑌𝑠 (16) 
𝛥𝑍 = 𝑍𝑡 − 𝑍𝑠 (17) 
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1.2.2 TRANSFORMATIONS OF COORDINATE SYSTEMS 
 
Transformation is a function that maps a point (point coordinates) from one coordinate system to 
another. With the transformation, we should not distort coordinate system geometry. This means that 
geometrical objects transformed from one coordinate system to another should preserve their geometry. 
We can achieve this goal with similarity transformation between coordinate systems [10]. A similarity 
transformation uses the following rotation and reflection matrices [10]: 
 
The following rotation matrices preform rotation around a different axis [10]: 
 
𝑅𝑋(𝜃) =
[
 
 
 
 
 
1 0 0
0 cos(𝜃) sin(𝜃)
0 −sin(𝜃) cos(𝜃) ]
 
 
 
 
 (18) 
𝑅𝑌(𝜃) =
[
 
 
 
 
 
cos(𝜃) 0 −sin(𝜃)
0 1 0
sin(𝜃) 0 cos(𝜃) ]
 
 
 
 
 (19) 
𝑅𝑍(𝜃) =
[
 
 
 
 
cos(𝜃) sin(𝜃) 0
−sin(𝜃) cos(𝜃) 0
0 0 1 ]
 
 
 
 
(20) 
 
The following reflection matrices change the coordinate system’s axes orientation. They are used to 
transform the left-handed coordinate system to the right-handed coordinate system or the other way 
around [10]: 
 
𝑃𝑋 =
[
 
 
 
 
−1 0 0
0 1 0
0 0 1 ]
 
 
 
 (21) 
𝑃𝑌 =
[
 
 
 
 
1 0 0
0 −1 0
0 0 1 ]
 
 
 
 (22) 
𝑃𝑍 =
[
 
 
 
 
1 0 0
0 1 0
0 0 −1 ]
 
 
 
 (23) 
 
The above defined rotation and reflection matrices are used for similarity transformations among the 
coordinate systems in the following sections. Transformations are also used for transforming the 
geodetic problem between the local geodetic and the geodetic coordinate system (section 1.3). 
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1.2.2.1 TRANSFORMATION FROM LA TO LG COORDINATE SYSTEM 
 
The transformation of point coordinates from the local astronomic to the local geodetic coordinate 
system can be achieved with the similarity transformation (section 1.2.2). This transformation is a 
function of the station point astronomic latitude (𝛷𝑠) and components of the deflection of vertical (𝜂𝑠, 𝜉𝑠) 
at the station point. We transform point coordinates from the local astronomic to the local geodetic 
coordinate system with the following transformation [9]: 
 
 
[
 
𝑛
𝑒
ℎ 
] = 𝑅𝑍(𝜂𝑠 ∙ 𝑡𝑎𝑛(𝛷𝑠)) ∙ 𝑅𝑌(−𝜉𝑠) ∙ 𝑅𝑋(𝜂𝑠) ∙ [
 
𝑥
𝑦
𝑧 
] (24) 
 
This equation can also be used for a reduction of measured quantities from the local astronomic to the 
local geodetic coordinate system, which is presented in section 2.1. 
 
 
1.2.2.2 TRANSFROMATION FROM LG TO G COORDINATE SYSTEM 
 
Within this section we present the transformation which transforms coordinate differences from the local 
geodetic to the geodetic coordinate system [4]. 
 
 
Figure 3: Representation of the geodetic and the local geodetic coordinate system 
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The transformation of point coordinate differences between local geodetic and geodetic coordinate 
systems (Figure 3) has the following form [4]: 
 
 
 
[
 
 
 
 
𝛥𝑛
𝛥𝑒
𝛥ℎ ]
 
 
 
= 𝑃𝑌 ∙ 𝑅𝑌(𝜑𝑠 − 𝜋 2⁄ ) ∙ 𝑅𝑍(𝜆𝑠 − 𝜋) ∙
[
 
 
 
 
𝛥𝑋
𝛥𝑌
𝛥𝑍 ]
 
 
 
= 𝑅(𝜑𝑠, 𝜆𝑠) ∙
[
 
 
 
 
𝛥𝑋
𝛥𝑌
𝛥𝑍 ]
 
 
 
 (25) 
 
Whereas rotation matrix used in (25) has the following form [4]:  
 
 
𝑅(𝜑, 𝜆) = 𝑃𝑌 ∙ 𝑅𝑌(𝜑𝑠 − 𝜋 2⁄ ) ∙ 𝑅𝑍(𝜆𝑠 − 𝜋) =
[
 
 
 
 
 
− 𝑠𝑖𝑛(𝜑) ∙ 𝑐𝑜𝑠(𝜆) − 𝑠𝑖𝑛(𝜑) ∙ 𝑠𝑖𝑛(𝜆) 𝑐𝑜𝑠(𝜑)
− 𝑠𝑖𝑛(𝜆) 𝑐𝑜𝑠(𝜆) 0
𝑐𝑜𝑠(𝜑) ∙ 𝑐𝑜𝑠(𝜆) 𝑐𝑜𝑠(𝜑) ∙ 𝑠𝑖𝑛(𝜆) 𝑠𝑖𝑛(𝜑)
 ]
 
 
 
 
 (26) 
 
With equation (25) we transform coordinate differences from the geodetic to the local geodetic 
coordinate system. This transformation is also used to transform the geodetic problem from the local 
geodetic to the geodetic coordinate system (section 1.3.2) and for the reduction of measured quantities 
from the local geodetic to the geodetic coordinate system (section 2.2). 
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1.3 GEODETIC PROBLEM 
 
The position of the point is represented with coordinates in the selected coordinate system. When dealing 
with multiple points we encounter a common problem; how to determine coordinates of the new point 
based on the measured quantities, or how to determine the “measured” quantities between two points. 
This problem is known as the geodetic problem. 
 
The geodetic problem represents two standard problems of determining unknown quantities. The 
geodetic problem is composed of the direct and the indirect geodetic problem: 
 
- Direct geodetic problem: The direct geodetic problem represents the problem of determining 
coordinates of a new point, based on the azimuth (𝛼𝑠
𝑡), slope distance (𝑠𝑠
𝑡) and zenith distance 
(𝑧𝑠
𝑡)  between the new and the given point. 
 
- Indirect geodetic problem: The indirect or inverse geodetic problem represents the problem 
of determining the azimuth (𝛼𝑠
𝑡), slope distance (𝑠𝑠
𝑡) and zenith distance (𝑧𝑠
𝑡) based on given 
coordinates of two points. 
 
The geodetic problem in the local geodetic coordinate system is trivial and it can be easily solved. More 
complex is the solution of the geodetic problem in the geodetic coordinate system. This can be done 
with transforming the geodetic problem from the local geodetic to the geodetic coordinate system. In 
the following sections, we present the solution of the geodetic problem in the geodetic coordinate 
system. 
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1.3.1 GEODETIC PROBLEM IN LG COORDINATE SYSTEM 
 
We present the geodetic problem in the local geodetic coordinate system, where station point represents 
the origin of the coordinate system [4]: 
 
 
Figure 4: Local geodetic coordinate system with measured quantities 
 
The above figure (Figure 4) shows the local geodetic coordinate system, where 𝑃𝑠 represents the station 
point and the origin of the coordinate system and 𝑃𝑡 is the target point. The position of the target point 
𝑃𝑡 can be expressed in Cartesian coordinates (𝑛𝑡 , 𝑒𝑡 , ℎ𝑡) or in polar coordinates, which are represented 
by the azimuth (𝛼𝑠
𝑡
𝐿𝐺), slope distance (𝑠𝑠
𝑡
𝐿𝐺) and zenith distance (𝑧𝑠
𝑡
𝐿𝐺) in the local geodetic coordinate 
system. In the following section we present equations that connect Cartesian with the polar coordinates. 
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1.3.1.1 DIRECT GEODETIC PROBLEM 
 
The direct geodetic problem represents the problem of calculation of Cartesian coordinates for a new 
point based on polar coordinates. Cartesian coordinates for a new point can be simply computed based 
on the following equations [4]:  
 
 𝑛𝑡 = 𝛥𝑛 = 𝑠𝑠
𝑡
𝐿𝐺
∙ 𝑐𝑜𝑠(𝛼𝑠
𝑡
𝐿𝐺
) ∙ 𝑐𝑜𝑠(𝑧𝑠
𝑡
𝐿𝐺
) (27) 
 
 𝑒𝑡 = 𝛥𝑒 = 𝑠𝑠
𝑡
𝐿𝐺
∙ 𝑠𝑖𝑛(𝛼𝑠
𝑡
𝐿𝐺
) ∙ 𝑐𝑜𝑠(𝑧𝑠
𝑡
𝐿𝐺
) (28) 
 
 ℎ𝑡 = 𝛥ℎ = 𝑠𝑠
𝑡
𝐿𝐺
∙ 𝑠𝑖𝑛(𝑧𝑠
𝑡
𝐿𝐺
) (29) 
 
With the above equations we presented how to compute coordinate differences (𝛥𝑛, 𝛥𝑒, 𝛥ℎ) based on 
slope distance (𝑠𝑠
𝑡
𝐿𝐺), azimuth (𝛼𝑠
𝑡
𝐿𝐺) and zenith distance (𝑧𝑠
𝑡
𝐿𝐺) in the local geodetic coordinate system. 
As the origin of the local geodetic coordinate system (section 1.2.1.2) is in station point, we can conclude 
that (𝑛𝑡 , 𝑒𝑡 , ℎ𝑡) coordinates are the same as coordinate differences (𝛥𝑛, 𝛥𝑒, 𝛥ℎ). 
 
 
1.3.1.2 INVERSE GEODETIC PROBLEM 
 
The indirect or inverse geodetic problem represents the problem of determining polar coordinates 
between two points based on given Cartesian coordinates. Polar coordinates can be simply expressed 
with the following equations [4]: 
 
 𝛼𝑠
𝑡
𝐿𝐺
= tan−1 (
 
 𝛥𝑒 
 𝛥𝑛  
) (30) 
 
 𝑧𝑠
𝑡
𝐿𝐺
= cos−1 (
 
𝛥ℎ
√𝛥𝑛2 + 𝛥𝑒2 + 𝛥ℎ2 
) (31) 
 
 𝑠𝑠
𝑡
𝐿𝐺
= √𝛥𝑛2 + 𝛥𝑒2 + 𝛥ℎ2 (32) 
 
With the above equations we present how to compute slope distance (𝑠𝑠
𝑡
𝐿𝐺), azimuth (𝛼𝑠
𝑡
𝐿𝐺) and zenith 
distance (𝑧𝑠
𝑡
𝐿𝐺) in the local geodetic coordinate system based on the coordinate differences (𝛥𝑛, 𝛥𝑒, 𝛥ℎ). 
These equations are used to solve the geodetic problem in the geodetic coordinate system. 
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1.3.2 GEODETIC PROBLEM IN G COORDINATE SYSTEM 
 
Now we present the solution for the inverse geodetic problem in the geodetic coordinate system. With 
this inverse geodetic problem we could calculate height difference (ℎ𝑠
𝑡
𝐺), horizontal distance (𝑑𝑠
𝑡
𝐺), slope 
distance (𝑠𝑠
𝑡
𝐺), azimuth (𝛼𝑠
𝑡
𝐺), and zenith distance (𝑧𝑠
𝑡
𝐺) in the geodetic coordinate system. 
 
There are various solutions for the inverse geodetic problem in the geodetic coordinate system. 
Generally, the selection of the algorithm depends on point separation [9]. We use multiple algorithms 
to solve the inverse geodetic problem in the geodetic coordinate system. 
 
Height difference is computed based on differences between the heights of two points: 
 
 ℎ𝑠
𝑡
𝐺
= ℎ𝑡 − ℎ𝑠 (33) 
 
One of the most used algorithms to compute the horizontal distance on the reference ellipsoid is 
Vincenty's formula, which is described in detail by [11], which is for our needs symbolically written as 
the function of geodetic coordinates and reference ellipsoid parameters: 
  
 𝑑𝑠
𝑡
𝐺
= 𝑓(𝑎, 𝑏, 𝜑𝑠, 𝜆𝑠, 𝜑𝑡 , 𝜆𝑡) (34) 
 
One of the solutions for the inverse geodetic problem in the geodetic coordinate system is to transform 
the inverse geodetic problem from the local geodetic to the geodetic coordinate system [4]. The solution 
of the inverse geodetic problem in the local geodetic coordinate system was already presented (section 
1.3.1.2) and so was the transformation between the local geodetic and the geodetic coordinate systems 
(section 1.2.2.2). With the following equations we present a solution to compute azimuth (𝛼𝑠
𝑡
𝐺), slope 
distance (𝑠𝑠
𝑡
𝐺), and zenith distance (𝑧𝑠
𝑡
𝐺) in the geodetic coordinate system. 
 
With the introduction of the transformation equation (25) in equation (32) we obtain the equation for 
the calculation of slope distance in the geodetic coordinate system [4]: 
 
 𝑠𝑠
𝑡
𝐺
= √∆𝑋2 + ∆𝑌2 + ∆𝑍2 (35) 
 
With the introduction of transformation equation (25) in equation (30) we obtain the equation for the 
calculation of the azimuth in the geodetic coordinate system [4]: 
 
 𝛼𝑠
𝑡
𝐺
= tan−1 (
 
cos(𝜆𝑠) ∙ ∆𝑌 − sin(𝜆𝑠) ∙ ∆𝑋
cos(𝜑𝑠) ∙ ∆𝑍 − sin(𝜑𝑠) ∙ cos(𝜆𝑠) ∙ ∆𝑋 − sin(𝜑𝑠) ∙ sin(𝜆𝑠) ∙ ∆𝑌 
) (36) 
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With the introduction of the transformation equation (25) in equation (31) we obtain the equation for 
the calculation of zenith distance in the geodetic coordinate system [4]: 
 
 𝑧𝑠
𝑡
𝐺
= cos−1 (
 
cos(𝜑𝑠) ∙ cos(𝜆𝑠) ∙ ∆𝑋 + cos(𝜑𝑠) ∙ sin(𝜆𝑠) ∙ ∆𝑌 + sin(𝜑𝑠) ∙ ∆𝑍
√∆𝑋2 + ∆𝑌2 + ∆𝑍2 
) (37) 
 
With the above equations we presented how to compute height difference (ℎ𝑠
𝑡
𝐺), horizontal distance 
(𝑑𝑠
𝑡
𝐺), slope distance (𝑠𝑠
𝑡
𝐺), azimuth (𝛼𝑠
𝑡
𝐺), and zenith distance (𝑧𝑠
𝑡
𝐺) in the geodetic coordinate system 
based on station point coordinates (𝜑𝑠, 𝜆𝑠, ℎ𝑠) and coordinate differences (𝛥𝑋, 𝛥𝑌, 𝛥𝑍) computed with 
equations (15) through (17). We use the above equations for the reduction of measured quantities 
(section 2) and they also form a basis for the functional model of the geodetic network adjustment 
(section 3). 
 
 
2 REDUCTION OF MEASUREMENTS 
 
The measured quantities in geodetic networks can be adjusted in different coordinate systems. To obtain 
the coordinates in the selected coordinate system, we must reduce the measured quantities to the 
appropriate coordinate system. 
 
Starting with raw geodetic measurements without any systematic errors: 
 
 𝛼𝑠
𝑡
𝑀
 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑧𝑖𝑚𝑢𝑡  
 𝑧𝑠
𝑡
𝑀
 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑧𝑒𝑛𝑖𝑡ℎ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  
 𝑠𝑠
𝑡
𝑀
 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑠𝑙𝑜𝑝𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  
 
As we can see, we use the azimuth as one measured quantity. The azimuth is, however, in practice very 
rarely measured, but it can be computed based on point coordinates and geodetic terrestrial 
measurements  [12]. 
 
Within following sections, we start with measured quantities and reduce them to the different coordinate 
systems. The reduced measurements are then used for the geodetic network adjustment (section 3). 
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2.1 REDUCTION FROM LA TO LG COORDINATE SYSTEM 
 
Within this section we present how to reduce measured quantities from the physical reality, represented 
by the local astronomic coordinate system to the computational local geodetic coordinate system. These 
two coordinate systems (presented in section 1.2.1) differ only in the orientation of coordinate axes. To 
transform the local astronomic coordinate system to the local geodetic coordinate system (24), we must 
rotate the local astronomic coordinate system around [9]: 
 
- 𝑥 axis for east-west component of deflection of the vertical (𝜂𝑠) 
- 𝑦 axis for negative north-south component of deflection of the vertical (−𝜉𝑠) 
- 𝑧 axis for difference between astronomic and geodetic azimuth (𝜂𝑠 ∙ tan(𝜑𝑠)) 
 
With the above transformation we can compose equations which reduce measured quantities from the 
local astronomic to the local geodetic coordinate system. 
 
The reduced zenith distance from the local astronomic to the local geodetic coordinate system is strongly 
influenced by the deflection of the vertical [7]: 
 
 ?̃?𝑠
𝑡
𝐿𝐺
= 𝑧𝑠
𝑡
𝑀
− (𝜉𝑠 ∙ cos(𝛼𝑠
𝑡
𝐺
) + 𝜂𝑠 ∙ sin(𝛼𝑠
𝑡
𝐺
)) (38) 
 
The reduced azimuth is mostly influenced by the deflection of the vertical. The following equation 
reduces this measured azimuth to the local geodetic coordinate system  [8]: 
 
 ?̃?𝑠
𝑡
𝐿𝐺
= 𝛼𝑠
𝑡
𝑀
+ 𝐶1 + 𝐶2 = 𝛼𝑠
𝑡
𝑀
− 𝜂𝑠 ∙ tan(𝜑𝑠) − (𝜉𝑠 ∙ sin(𝛼𝑠
𝑡
𝐺
) − 𝜂𝑠 ∙ cos(𝛼𝑠
𝑡
𝐺
)) ∙ cot(𝑧𝑠
𝑡
𝐺
) (39) 
 
Slope distance can be directly transformed from the local astronomic to the local geodetic coordinate 
system [4]: 
 
 ?̃?𝑠
𝑡
𝐿𝐺
= 𝑠𝑠
𝑡
𝑀
 (40) 
 
The measured quantities reduced to the local geodetic coordinate system are used for further reductions, 
which are presented in the following sections. 
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2.2 REDUCTION FROM LG TO G COORDINATE SYSTEM 
 
Within the previous section (section 2.1) we discussed reduced measurements from the local astronomic 
to the local geodetic coordinate system. Now, we present the reduction of measured quantities from the 
local geodetic to the geodetic coordinate system. To reduce measured values to the geodetic coordinate 
system we must take into consideration that the reference ellipsoid is a part of geodetic coordinate 
system. 
 
To reduce the azimuth from the local geodetic to the geodetic coordinate system we must take into 
consideration point positions and reference ellipsoid geometric properties [8]: 
 
 ?̃?𝑠
𝑡
𝐺
= ?̃?𝑠
𝑡
𝐿𝐺
+ 𝐶3 + 𝐶4 (41) 
 
Where 𝐶3 represents skew-normal correction and 𝐶4 the normal section to geodesic correction. Both 
corrections are quite small and can also be neglected in smaller networks. We compute them using the 
following equations [8]: 
 
 𝐶3 =
ℎ𝑡 ∙ 𝑒
2 ∙ cos2 (
𝜑𝑠 + 𝜑𝑡
2 ) ∙ sin(2 ∙ 𝛼𝑠
𝑡
𝐺
)
2 ∙ 𝑅𝑀𝑚
 (42) 
 
 𝐶4 =
𝑒2 ∙ 𝑑𝑠
𝑡2 ∙ cos2 (
𝜑𝑠 + 𝜑𝑡
2 ) ∙ sin(2 ∙ 𝛼𝑠
𝑡
𝐺
)
12 ∙ 𝑅𝑁𝑚
2  
(43) 
 
Slope distance is directly transformed from the local geodetic to the geodetic coordinate system [4]: 
 
 ?̃?𝑠
𝑡
𝐺
= ?̃?𝑠
𝑡
𝐿𝐺
 (44) 
 
Zenith distance is directly transformed from the local geodetic to the geodetic coordinate system [4]: 
 
 ?̃?𝑠
𝑡
𝐺
= ?̃?𝑠
𝑡
𝐿𝐺
 (45) 
 
Based on slope distance (𝑠𝑠
𝑡
𝐿𝐺) and zenith distance (𝑧𝑠
𝑡
𝐿𝐺), reduced to the local geodetic coordinate 
system, we can compute height difference between the station and the target point in the geodetic 
coordinate system [2]: 
 
 ℎ̃𝑠
𝑡
𝐺
= ?̃?𝑠
𝑡
𝐿𝐺
∙ cos(?̃?𝑠
𝑡
𝐿𝐺
) +
(?̃?𝑠
𝑡
𝐿𝐺
∙ sin(?̃?𝑠
𝑡
𝐿𝐺
))
2
2 ∙ 𝑅𝛼𝑚
+ 𝑖 − 𝑙 (46) 
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Based on the measured slope distance (𝑠𝑠
𝑡
𝐿𝐺), reduced to the local geodetic coordinate system, and point 
heights (ℎ𝑠, ℎ𝑡) we can compute horizontal distance on the reference ellipsoid [2]: 
 
 ?̃?𝑠
𝑡
𝐺
= 2 ∙ 𝑅𝛼𝑚 ∙ sin
−1 (√
?̃?𝑠𝑡𝐿𝐺
2 − (ℎ𝑡 + 𝑖 − ℎ𝑠 − 𝑙)2
4 ∙ (𝑅𝛼𝑚 + ℎ𝑠 + 𝑖) ∙ (𝑅𝛼𝑚 + ℎ𝑡 + 𝑙)
) (47) 
 
Measured quantities reduced to the geodetic coordinate system are used for the geodetic network 
adjustment (section 3) and for the reduction of measured quantities to the projected coordinate system 
(section 2.3).  
 
 
2.3 REDUCTION FROM G TO CONFORMAL MAP PROJECTION PLANE 
 
A projection is a mathematical function used to project point coordinates and other quantities (azimuth, 
distance, angles, etc.) from one space to another [1].  
 
Map projections maps geodetic coordinates from the ellipsoid to the map projection plane. The process 
of mapping the surface of the ellipsoid to the map projection plane is always connected with distortions. 
Different map projections cause different distortions, and we can talk about the distortion of object 
shape, distances, angles or other distortions [1]. 
 
When we want to perform a network adjustment in a projected coordinate system we must reduce 
measured quantities from the ellipsoid to the map projection plane [13]. 
 
In our case, we use the Transverse Mercator (TM) projection, which is a commonly used map projection 
for local, regional or national areas. Map projection is a function of multiple variables and was described 
in detail by [13] and [14]: 
 
 𝜑0 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  
 𝜆0 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑚𝑒𝑟𝑖𝑑𝑖𝑎𝑛  
 𝑚0 𝑆𝑐𝑎𝑙𝑒 𝑜𝑛 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑚𝑒𝑟𝑖𝑑𝑖𝑎𝑛  
 𝑁𝐹 𝐹𝑎𝑙𝑠𝑒 𝑁𝑜𝑟𝑡ℎ  
 𝐸𝐹  𝐹𝑎𝑙𝑠𝑒 𝐸𝑎𝑠𝑡  
 
Where projected coordinates are computed with functions, symbolically written as [14]: 
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𝑁 = 𝑓𝑁(𝜑𝑠, 𝜆𝑠, 𝜑0, 𝜆0, 𝑚0, 𝑁𝐹) (48) 
𝐸 = 𝑓𝐸(𝜑𝑠, 𝜆𝑠, 𝜑0, 𝜆0,𝑚0, 𝐸𝐹) (49) 
 
Projected coordinates 𝐸 and 𝑁 are by [14] modulated and do not directly reflect projected distances from 
coordinate axes. They are artificially moved for false north (𝑁𝐹) value or false east (𝐸𝐹) value to obtain 
smaller numbers for practical use. The projection scale factor (𝑚0) is also introduced, which is used to 
reduce deformations of distances in the map projection plane. To properly reduce measured values to 
the projected coordinate system we must use unmodulated coordinates (𝑁, ?̅?). They can be computed 
on the following equation [14]: 
 
?̅? =
𝐸 − 𝐸𝐹
𝑚0
 (50) 
𝑁 =
𝑁 − 𝑁𝐹
𝑚0
 (51) 
 
When reducing the azimuth from the geodetic to the projected coordinate system we must take into 
consideration the meridian convergence and the projection of geodesic line [1].  
 
 
Figure 5: Meridian convergence with the projection of geodesic line 
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Meridian convergence (Figure 5) is the angle between the projection north and the tangent to meridian 
at the point (𝑃𝑠) [13]. It is computed based on the following equation [13]: 
 
𝑐 = (𝜆𝑠 − 𝜆0) ∙ sin(𝜑𝑠) 
+
(𝜆𝑠 − 𝜆0)
3 ∙ sin(𝜑𝑠) ∙ cos
2(𝜑𝑠) ∙ (1 + 3 ∙ (𝑒
′ ∙ cos(𝜑𝑠))
2 + 2 ∙ (𝑒′ ∙ cos(𝜑𝑠))
4)
3
+
(𝜆𝑠 − 𝜆0)
5 ∙ sin(𝜑𝑠) ∙ cos
4(𝜑𝑠) ∙ (2 − tan
2(𝜑𝑠))
15
 
(52) 
 
When projecting the geodesic line from the geodetic to the projection coordinate system in Transverse 
Mercator projection we distort its shape. The geodesic line is not projected as a straight line, but as a 
curve (Figure 5) [1]. The angle between the projected geodesic line (?̃?𝑠
𝑡
𝑇𝑀) and the tangent to geodesic 
line (?̃?𝑠
𝑡
𝐺) is represented by the following equation [13]: 
 
 
𝜔 =
(𝑁𝑡 − 𝑁𝑠) ∙ (2 ∙ ?̅?𝑠 + ?̅?𝑡)
6 ∙ 𝑅𝐺𝑚
2 +
𝑒′2 ∙ sin(𝜑𝑠 + 𝜑𝑡) ∙ (𝑁𝑡 −𝑁𝑠)
2 ∙ 𝐸𝑠
6 ∙ 𝑅𝐺𝑚
2
+
𝑒′2 ∙ sin(𝜑𝑠 + 𝜑𝑡) ∙ (?̅?𝑡 − ?̅?𝑠) ∙ (3 ∙ ?̅?𝑠
2 + 2 ∙ ?̅?𝑠 ∙ ?̅?𝑡 + ?̅?𝑡
2)
12 ∙ 𝑅𝐺𝑚
2  
(53) 
 
The value of the azimuth in the projected coordinate system (?̃?𝑠
𝑡
𝑇𝑀) is computed based on the following 
equation [13]: 
 
 ?̃?𝑠
𝑡
𝑇𝑀
= ?̃?𝑠
𝑡
𝐺
− 𝜔 − 𝑐 (54) 
 
Scale distortion in the Transverse Mercator projection grows with the distance from the central meridian. 
To compute horizontal distance between two points in the Transverse Mercator projection we use the 
following equation [13]: 
 
 
?̃?𝑠
𝑡
𝑇𝑀
= 𝑚0 ∙
𝑑𝑠
𝑡
𝐺
1 −
?̅?𝑠2 + ?̅?𝑠 ∙ ?̅?𝑡 + ?̅?𝑠2
6 ∙ 𝑅𝐺𝑚
2 +
?̅?𝑠4 + ?̅?𝑠3 ∙ ?̅?𝑡 + ?̅?𝑠2 ∙ ?̅?𝑡
2 + ?̅?𝑠 ∙ ?̅?𝑡
3 + ?̅?𝑡
4
24 ∙ 𝑅𝐺𝑚
4
 
(55) 
 
With the presented equations we have reduced horizontal distance (?̃?𝑠
𝑡
𝑇𝑀) and the azimuth (?̃?𝑠
𝑡
𝑇𝑀) to the 
projected coordinate system and are now prepared to be used for the geodetic network adjustment in the 
following section.  
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3 GEODETIC NETWORK ADJUSTMENT 
 
The geodetic network is represented by a set of points on the Earth’s surface connected with the 
measured quantities. Based on the points in the geodetic network with given coordinates and measured 
quantities we can compute coordinates of new points. 
 
We quantify parameters: 
 
 𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠  
 𝑚 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑢𝑛𝑘𝑛𝑜𝑤𝑛𝑠 (𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠)  
 
When we have the same number of measured quantities as unknowns (𝑚 = 𝑛) we can talk about unique 
solutions of the mathematical model of the geodetic network adjustment. However, when we have 
redundant measurements (𝑟 = 𝑛 −𝑚 > 0;  𝑛 > 𝑚) we have the mathematical model predefined and 
we must adjust the measured quantities in the geodetic network. Network adjustment is a process which 
is used to estimate point coordinates for new points based on the coordinates of given points and the 
redundant number of measured quantities.  
 
One of the most common methods for the adjustment of redundant measurements in geodetic networks 
is Least Squares Method (LSM). As [15], [4] and [16] already discussed, the Least Squares Method 
solution has to fulfil the following condition: 
 
 𝒗𝑇 ∙ 𝑷 ∙ 𝒗 ⟹ 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 (56) 
 
Least Squares Method (LSM) has two equally important components: the functional (mathematical) and 
the stochastic model [4].  
 
The functional (mathematical) model is a mathematical expression of the relations between 
measurements and unknown parameters [4]. In our case, the functional model represents a set of 
functions which express height differences, horizontal distances, azimuths, slope distances, and zenith 
distances with a set of point coordinates (unknowns). 
 
We use the indirect model of Least Squares Method adjustment [15]. It can be adopted for any kind of 
measurements and can be used for 1D, 2D or 3D geodetic network adjustment in different mathematical 
spaces (coordinate systems, on reference ellipsoid, on the map projection plane, etc). 
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Indirect functional model, which has the following matrix form [15]: 
 
 𝒗 ∙ 𝑩 ∙ ∆ = 𝒇  
        𝑀𝑎𝑡𝑟𝑖𝑥 𝑓𝑜𝑟𝑚        
→                 
[
 
 
 
 
 
 
𝑣1
𝑣2
⋮
𝑣𝑚 ]
 
 
 
 
 
+
[
 
 
 
 
 
 
 
 
𝜕𝑔1
𝜕𝑥1
𝜕𝑔1
𝜕𝑥2
⋯
𝜕𝑔1
𝜕𝑥𝑚
𝜕𝑔2
𝜕𝑥1
𝜕𝑔2
𝜕𝑥2
⋯
𝜕𝑔2
𝜕𝑥𝑚
⋮ ⋮ ⋱ ⋮
𝜕𝑔𝑛
𝜕𝑥1
𝜕𝑔𝑛
𝜕𝑥2
⋯
𝜕𝑔𝑛
𝜕𝑥𝑚 ]
 
 
 
 
 
 
 
∙
[
 
 
 
 
 
 
𝛿𝑥1
𝛿𝑥2
⋮
𝛿𝑥𝑚 ]
 
 
 
 
 
=
[
 
 
 
 
 
 
𝑔1 − 𝑙1
𝑔2 − 𝑙2
⋮
𝑔𝑛 − 𝑙𝑛 ]
 
 
 
 
 
=
[
 
 
 
 
 
 
𝑓1
𝑓2
⋮
𝑓𝑛 ]
 
 
 
 
 
 (57) 
 
Where we have [15]: 
 
 𝒗 𝑉𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠  
 ∆  𝑉𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠  
 𝒇 𝑉𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑚𝑖𝑠𝑐𝑙𝑜𝑠𝑢𝑟𝑒 𝑣𝑎𝑙𝑢𝑒𝑠  
 𝒍 𝑉𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠  
 𝑩 𝑀𝑎𝑡𝑟𝑖𝑥 𝑜𝑓 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠  
 𝑷 𝑊𝑒𝑖𝑔ℎ𝑡 𝑚𝑎𝑡𝑟𝑖𝑥 𝑤ℎ𝑖𝑐ℎ 𝑑𝑒𝑓𝑖𝑛𝑒𝑠 𝑠𝑡𝑜𝑐ℎ𝑎𝑠𝑡𝑖𝑐 𝑚𝑜𝑑𝑒𝑙  
 
Network adjustment in the projected coordinate system can be considered as the geodetic network 
adjustment in the normal plane Cartesian coordinate systems. The functional model is defined with the 
coordinates of points in the projection plane coordinate system and the measurements which are reduced 
to the projection plane. Authors like [15], [17] and [16] have already discussed the problem of adjusting 
1D and 2D geodetic networks and and so this topic will not be discussed within this document. 
 
The geodetic network adjustment in the geodetic coordinate system is described in more detail. We can 
adjust the geodetic network in the geodetic coordinate system based on geodetic coordinates (𝜑, 𝜆, ℎ) 
or in the cartesian (𝑋, 𝑌, 𝑍) coordinates. 
 
More natural coordinates for the geodetic coordinate system are geodetic coordinates and, therefore, our 
concept of geodetic network adjustment is based on geodetic coordinates. Because of this, each function 
(𝐹𝑖) in the functional model expresses the reduced measurement (ℎ̃𝑠
𝑡 or ?̃?𝑠
𝑡 or ?̃?𝑠
𝑡 or ?̃?𝑠
𝑡 or ?̃?𝑠
𝑡) with a set of 
geodetic coordinates (𝜑𝑠, 𝜆𝑠, ℎ𝑠, 𝜑𝑡 , 𝜆𝑡 , ℎ𝑡) of points in the geodetic nework. 
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The following equations represent functions for each type of measurement. They express reduced 
measured quantities (section 2) with the function of geodetic coordinates (described by the geodetic 
problem in section 1.3.2): 
 
 𝐹ℎ ≡ 𝑣ℎ + ℎ̃𝑠
𝑡
𝐺
− ℎ𝑠
𝑡
𝐺
= 0 (58) 
 𝐹𝑑 ≡ 𝑣𝑑 + ?̃?𝑠
𝑡
𝐺
− 𝑑𝑠
𝑡
𝐺
= 0 (59) 
 𝐹𝛼 ≡ 𝑣𝛼 + ?̃?𝑠
𝑡
𝐺
− 𝛼𝑠
𝑡
𝐺
= 0 (60) 
 𝐹𝑠 ≡ 𝑣𝑠 + ?̃?𝑠
𝑡
𝐺
− 𝑠𝑠
𝑡
𝐺
= 0 (61) 
 𝐹𝑧 ≡ 𝑣𝑧 + ?̃?𝑠
𝑡
𝐺
− 𝑧𝑠
𝑡
𝐺
= 0 (62) 
 
Equations (58) through (62) are written for different measured quantities. To assemble the functional 
model, we need a separate function (𝐹𝑖) for each reduced measurement in the geodetic network.  
 
We have equations (58) through (62), which are nonlinear functions. To set up the linear model of Least 
Squares model (57) we must linearize functions connecting the measurements with the coordinates of 
the points. 
 
We have the function 𝐹𝑖, which expresses the measurement 𝑙𝑖 and its residual 𝑣𝑖 with a nonlinear function 
of unknown quantities 𝑔𝑖(𝑥1, 𝑥2, … , 𝑥𝑚). Linearization is done with Taylor’s series expansion, where we 
only retain the linear terms [15]: 
 
 𝐹𝑖 ≔ 𝑣𝑖 +
𝜕𝐹𝑖
𝜕𝑥1
𝛿𝑥1 +
𝜕𝐹𝑖
𝜕𝑥2
𝛿𝑥2 +⋯+
𝜕𝐹𝑖
𝜕𝑥𝑚
𝛿𝑥𝑚 = 𝑔𝑖(𝑥1, 𝑥2, … , 𝑥𝑚)− 𝑙𝑖 (63) 
 
The linearized function 𝐹𝑖 approximates the nonlinear function as a linear function at value (𝑥1, 𝑥2, … , 𝑥𝑚) 
with 𝛿𝑥𝑖 as the increment of the unknown parameter.  
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With respect to the linearization with Taylor’s series expansion (63) we can directly expand equations 
(58) through (62) and present linearized functions in the following form: 
 
 𝐹ℎ ≔ 𝑣ℎ +
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜑𝑠
𝛿𝜑𝑠 +
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜆𝑠
𝛿𝜆𝑠 +
𝜕ℎ𝑠
𝑡
𝐺
𝜕ℎ𝑠
𝛿ℎ𝑠 +
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜑𝑡
𝛿𝜑𝑡 +
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜆𝑡
𝛿𝜆𝑡 +
𝜕ℎ𝑠
𝑡
𝐺
𝜕ℎ𝑡
𝛿ℎ𝑡 = ℎ𝑠
𝑡
𝐺 − ℎ̃𝑠
𝑡
𝐺 = 𝑓ℎ (64) 
 
𝐹𝑑 ≔ 𝑣𝑑 +
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜑𝑠
𝛿𝜑𝑠 +
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜆𝑠
𝛿𝜆𝑠 +
𝜕𝑑𝑠
𝑡
𝐺
𝜕ℎ𝑠
𝛿ℎ𝑠 +
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜑𝑡
𝛿𝜑𝑡 +
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜆𝑡
𝛿𝜆𝑡 +
𝜕𝑑𝑠
𝑡
𝐺
𝜕ℎ𝑡
𝛿ℎ𝑡 = 𝑑𝑠
𝑡
𝐺 − ?̃?𝑠
𝑡
𝐺 = 𝑓𝑑 (65) 
 
𝐹𝛼 ≔ 𝑣𝛼 +
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜑𝑠
𝛿𝜑𝑠 +
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜆𝑠
𝛿𝜆𝑠 +
𝜕𝛼𝑠
𝑡
𝐺
𝜕ℎ𝑠
𝛿ℎ𝑠 +
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜑𝑡
𝛿𝜑𝑡 +
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜆𝑡
𝛿𝜆𝑡 +
𝜕𝛼𝑠
𝑡
𝐺
𝜕ℎ𝑡
𝛿ℎ𝑡 = 𝛼𝑠
𝑡
𝐺 − ?̃?𝑠
𝑡
𝐺 = 𝑓𝛼 (66) 
 𝐹𝑠 ≔ 𝑣𝑠 +
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜑𝑠
𝛿𝜑𝑠 +
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜆𝑠
𝛿𝜆𝑠 +
𝜕𝑠𝑠
𝑡
𝐺
𝜕ℎ𝑠
𝛿ℎ𝑠 +
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜑𝑡
𝛿𝜑𝑡 +
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜆𝑡
𝛿𝜆𝑡 +
𝜕𝑠𝑠
𝑡
𝐺
𝜕ℎ𝑡
𝛿ℎ𝑡 = 𝑠𝑠
𝑡
𝐺 − ?̃?𝑠
𝑡
𝐺 = 𝑓𝑠 (67) 
 
𝐹𝑧 ≔ 𝑣𝑧 +
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜑𝑠
𝛿𝜑𝑠 +
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜆𝑠
𝛿𝜆𝑠 +
𝜕𝑧𝑠
𝑡
𝐺
𝜕ℎ𝑠
𝛿ℎ𝑠 +
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜑𝑡
𝛿𝜑𝑡 +
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜆𝑡
𝛿𝜆𝑡 +
𝜕𝑧𝑠
𝑡
𝐺
𝜕ℎ𝑡
𝛿ℎ𝑡 = 𝑧𝑠
𝑡
𝐺 − ?̃?𝑠
𝑡
𝐺 = 𝑓𝑧 (68) 
 
Equations (64) through (68) can be directly used in a matrix form (57), and the partial derivatives 
populate the matrix of coefficients (𝑩). Authors like [18], [16] and [4] have already discussed partial 
derivatives with Taylor’s series expansion in the geodetic coordinate system. With the following 
equations, we present partial derivatives for each type of measurement. 
 
The following equations present partial derivatives for height difference (ℎ𝑠
𝑡
𝐺
), which are used in 
equation (64).  Partial derivatives are obtained by partially deriving equation (33) with geodetic 
coordinates of station (𝜑𝑠, 𝜆𝑠, ℎ𝑠) and target (𝜑𝑡 , 𝜆𝑡 , ℎ𝑡) point: 
 
 
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜑𝑠
= 0 
(69) 
 
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜑𝑠
= 0 
(70) 
 
𝜕ℎ𝑠
𝑡
𝐺
𝜕ℎ𝑠
= 1 
(71) 
 
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜑𝑡
= 0 
(72) 
 
𝜕ℎ𝑠
𝑡
𝐺
𝜕𝜆𝑡
= 0 
(73) 
 
𝜕ℎ𝑠
𝑡
𝐺
𝜕ℎ𝑡
= −1 
(74) 
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The following equations present partial derivatives for horizontal distance (𝑑𝑠
𝑡
𝐺
), which are used in 
equation (65). Partial derivatives are obtained by partially deriving equation (34) by geodetic coordinates 
of station (𝜑𝑠, 𝜆𝑠, ℎ𝑠) and target (𝜑𝑡 , 𝜆𝑡, ℎ𝑡) point: 
 
 
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜑𝑠
= 𝑅𝑀 ∙ cos(𝛼𝑠
𝑡
𝐺) (75) 
 
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜆𝑠
= 𝑅𝑃 ∙ sin(𝛼𝑠
𝑡
𝐺) (76) 
 
𝜕𝑑𝑠
𝑡
𝐺
𝜕ℎ𝑠
= 0 (77) 
 
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜑𝑡
= 𝑅𝑀 ∙ cos(𝛼𝑡
𝑠
𝐺
) (78) 
 
𝜕𝑑𝑠
𝑡
𝐺
𝜕𝜆𝑡
= 𝑅𝑃 ∙ sin(𝛼𝑡
𝑠
𝐺
) (79) 
 
𝜕𝑑𝑠
𝑡
𝐺
𝜕ℎ𝑡
= 0 (80) 
 
 
The following equations present partial derivatives for slope distance (𝑠𝑠
𝑡
𝐺
), which are used in equation 
(67). Partial derivatives are obtained by partially deriving equation (35) by geodetic coordinates of 
station (𝜑𝑠, 𝜆𝑠, ℎ𝑠) and target (𝜑𝑡 , 𝜆𝑡 , ℎ𝑡) point: 
 
 
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜑𝑠
= (𝑅𝑀 + ℎ𝑠) ∙ cos(𝛼𝑠
𝑡
𝐺) ∙ sin(𝑧𝑠
𝑡
𝐺) (81) 
 
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜆𝑠
= (𝑅𝑁 + ℎ𝑠) ∙ cos(𝜑𝑠) ∙ sin(𝛼𝑠
𝑡
𝐺) ∙ sin(𝑧𝑠
𝑡
𝐺) (82) 
 
𝜕𝑠𝑠
𝑡
𝐺
𝜕ℎ𝑠
= cos(𝑧𝑠
𝑡
𝐺) (83) 
 
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜑𝑡
= (𝑅𝑀 + ℎ𝑡) ∙ cos(𝛼𝑡
𝑠
𝐺
) ∙ sin(𝑧𝑡
𝑠
𝐺
) (84) 
 
𝜕𝑠𝑠
𝑡
𝐺
𝜕𝜆𝑡
= (𝑅𝑁 + ℎ𝑡) ∙ cos(𝜑𝑡) ∙ sin(𝛼𝑡
𝑠
𝐺
) ∙ sin(𝑧𝑡
𝑠
𝐺
) (85) 
 
𝜕𝑠𝑠
𝑡
𝐺
𝜕ℎ𝑡
= cos(𝑧𝑡
𝑠
𝐺
) (86) 
 
 
30 
Krašovec, N. 2018. Adjustment of geodetic measurements in geodetic reference system 
Master Th., Ljubljana, UL FGG, Second cycle master study programme Geodesy and Geoinformation 
 
The following equations present partial derivatives for azimuth (𝛼𝑠
𝑡
𝐺
), which are used in equation (66). 
Partial derivatives are obtained by partially deriving equation (36) by geodetic coordinates of station 
(𝜑𝑠, 𝜆𝑠, ℎ𝑠) and target (𝜑𝑡 , 𝜆𝑡 , ℎ𝑡) point: 
 
 
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜑𝑠
= −
(𝑅𝑀 + ℎ𝑠) ∙ sin(𝛼𝑠
𝑡
𝐺)
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺)
 (87) 
 
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜆𝑠
=
(𝑅𝑁 + ℎ𝑠) ∙ cos(𝜑𝑠) ∙ cos(𝛼𝑠
𝑡
𝐺)
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺)
 (88) 
 
𝜕𝛼𝑠
𝑡
𝐺
𝜕ℎ𝑠
= 0 (89) 
 
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜑𝑡
=
(𝑅𝑀 + ℎ𝑡) ∙ sin(𝛼𝑠
𝑡
𝐺) ∙ (cos(𝜑𝑡 − 𝜑𝑠) + sin(𝜑𝑡) ∙ sin(𝜆𝑡 − 𝜆𝑠) ∙ cot(𝛼𝑠
𝑡
𝐺))
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺)
 (90) 
 
𝜕𝛼𝑠
𝑡
𝐺
𝜕𝜆𝑡
= −
(𝑅𝑁 + ℎ𝑡) ∙ cos(𝜑𝑡) ∙ cos(𝛼𝑠
𝑡
𝐺) ∙ (cos(𝜆𝑡 − 𝜆𝑠) − sin(𝜑𝑠) ∙ sin(𝜆𝑡 − 𝜆𝑠) ∙ tan(𝛼𝑠
𝑡
𝐺))
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺)
 (91) 
 
𝜕𝛼𝑠
𝑡
𝐺
𝜕ℎ𝑡
=
cos(𝛼𝑠
𝑡
𝐺) ∙ cos(𝜑𝑡) ∙ (sin(𝜆𝑡 − 𝜆𝑠) + (sin(𝜑𝑠) ∙ cos(𝜆𝑡 − 𝜆𝑠) − cos(𝜑𝑠) ∙ tan(𝜑𝑡)) ∙ tan(𝛼𝑠
𝑡
𝐺))
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺)
 (92) 
 
 
The following equations present partial derivatives for zenith distance (𝑧𝑠
𝑡
𝐺
), which are used in equation 
(68). Partial derivatives are obtained by partially deriving equation (37) by geodetic coordinates of 
station (𝜑𝑠, 𝜆𝑠, ℎ𝑠) and target (𝜑𝑡 , 𝜆𝑡, ℎ𝑡) point: 
 
 
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜑𝑠
=
(𝑅𝑀 + ℎ𝑠) ∙ cos(𝛼𝑠
𝑡
𝐺) ∙ cos(𝑧𝑠
𝑡
𝐺)
𝑠𝑠
𝑡
𝐺
 (93) 
 
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜆𝑠
=
(𝑅𝑁 + ℎ𝑠) ∙ cos(𝜑𝑠) ∙ sin(𝛼𝑠
𝑡
𝐺) ∙ cos(𝑧𝑠
𝑡
𝐺)
𝑠𝑠
𝑡
𝐺
 (94) 
 
𝜕𝑧𝑠
𝑡
𝐺
𝜕ℎ𝑠
= −
sin(𝑧𝑠
𝑡
𝐺)
𝑠𝑠
𝑡
𝐺
 (95) 
 
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜑𝑡
=
(𝑅𝑀 + ℎ𝑡) ∙ (sin(𝜑𝑠) ∙ cos(𝜑𝑡) − cos(𝜑𝑠) ∙ sin(𝜑𝑡) ∙ cos(𝜆𝑡 − 𝜆𝑠) + cos(𝑧𝑠
𝑡
𝐺
) ∙ sin(𝑧𝑡
𝑠
𝐺
) ∙ cos(𝛼𝑡
𝑠
𝐺
))
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺
)
 (96) 
 
𝜕𝑧𝑠
𝑡
𝐺
𝜕𝜆𝑡
=
(𝑅𝑁 + ℎ𝑡) ∙ cos(𝜑𝑡) ∙ (cos(𝑧𝑠
𝑡
𝐺) ∙ sin(𝑧𝑡
𝑠
𝐺
) ∙ sin(𝛼𝑡
𝑠
𝐺
) − cos(𝜑𝑠) ∙ sin(𝜆𝑡 − 𝜆𝑠))
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺)
 (97) 
 
𝜕𝑧𝑠
𝑡
𝐺
𝜕ℎ𝑡
=
cos(𝑧𝑠
𝑡
𝐺) ∙ cos(𝑧𝑡
𝑠
𝐺
) + sin(𝜑𝑠) ∙ sin(𝜑𝑡) + cos(𝜑𝑠) ∙ cos(𝜑𝑡) ∙ cos(𝜆𝑡 − 𝜆𝑠)
𝑠𝑠
𝑡
𝐺 ∙ sin(𝑧𝑠
𝑡
𝐺)
 (98) 
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The functional model of indirect linear least squares method adjustment is defined with equations (58) 
through (62). As we have already mentioned, the functional model is only one part of the Least Squares 
Method. The other major part of Least Squares Method is the stochastic model. 
 
Measurements are obtained in the real world and are always subjected to measuring errors. To 
compensate this error, we introduce information about measurement precision. Measurement precision 
is, by [15],  represented with the measurement standard deviation (𝜎𝑙𝑖) or with the measurement weight 
(𝑝𝑖). To define measurement weight, we divide a-priori variance (𝜎0
2) with variance of measurement 
(𝜎𝑙𝑖
2): 
 
 𝑝𝑖 =
𝜎0
2
𝜎𝑙𝑖
2 (99) 
 
The stochastic model of Least Squares Method takes into consideration the precision of measurements 
or the weights of measurements. The stochastic model is an important part of Least Squares Method 
adjustment, because it has a direct impact on adjustment results. Authors like [15], [16], [19] have 
already discussed  the stochastic model and have formulated the following weight matrix: 
 
 𝑷 = 𝜎0
2 ∙
[
 
 
 
 
 
 
 
 
 
1
𝜎𝑙1
2 0 ⋯ 0
0
1
𝜎𝑙2
2 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯
1
𝜎𝑙𝑛
2
 ]
 
 
 
 
 
 
 
 
 (100) 
 
The above weight matrix provides us with the basic stochastic model [15], which fulfils the needs of 
this thesis. However, we should not forget that the stochastic model can be quite complex. Authors like 
[15], [4] and [16] have discussed this topic. The stochastic model is also used for statistical testing of 
adjustment results, their quality, gross error detection, and localization (data snooping), as well as other 
processes. 
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To summarize, the geodetic network adjustment with Least Squares Method is a process where we 
assemble the functional and the stochastic model. We define the independent function for each 
measurement based on equations (58) through (62). To define the functional model, we linearize all 
functions, transfer partial derivatives to the matrix model (57) and compute their numerical values based 
on the approximate coordinates values. We also define the stochastic model based on a-priori reference 
variance and standard deviation of measurements. 
 
With the functional and stochastic models defined, we can solve the mathematical model of Least 
Squares Adjustment. The mathematical model written in the matrix form can be solved with a series of 
matrix operations, described with the following equations [15]: 
 
 𝑵 = 𝑩𝑇 ∙ 𝑷 ∙ 𝑩 (101) 
 𝒕 = 𝑩𝑇 ∙ 𝑷 ∙ 𝒇  (102) 
 𝜟 = 𝑵−1 ∙ 𝒕 (103) 
 
With the solution vector 𝛥 we get coordinate corrections for unknown points in our geodetic network 
and with the following equation we compute the vector of measurement residuals [15]: 
 
 𝒗 = 𝒇 − 𝑩 ∙ 𝜟 (104) 
 
The geodetic network adjustment based on Least Squares Method is a commonly used adjustment 
process where we define the functional and stochastic models. If properly defined, it is very flexible and 
quite simple to use. In our case we presented the functional model for height difference, horizontal 
distance, slope distance, the azimuth and zenith distance in the geodetic coordinate system. 
 
The geodetic network adjustment based on Least Squares Method is used in the following section to 
adjust the geodetic network in the geodetic and projected coordinate systems. 
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4 GEODETIC NETWORK ADJUSTMENT EXAMPLE 
 
Within this section we define the simulated geodetic network to be adjusted in the geodetic and in the 
projected coordinate system. We started with simulated measurements in the local geodetic coordinate 
system and, therefore, bypassed reductions from the physical reality to the mathematical space. 
 
We adjust multiple geodetic networks: 
 
- 1D geodetic network adjustment in geodetic coordinate system 
- 2D geodetic network adjustment in geodetic coordinate system 
- 3D geodetic network adjustment in geodetic coordinate system 
- 2D geodetic network adjustment in projected coordinate system 
 
Within the following sections we present the adjustment procedures and results within the geodetic 
network in the above-mentioned coordinate systems. Based on the adjustment results, we compare the 
2D geodetic network adjustment in the geodetic coordinate system with the geodetic network adjustment 
in the projected coordinate system. We compare the input measured values, their obtained residuals, and 
the adjusted coordinates. We would like to prove that with proper reductions it does not matter in which 
coordinate system we perform the adjustment of the geodetic network. The result should be the same or 
with very small (negligible) differences in adjusted coordinates and in measurement residuals. 
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4.1 SIMULATED GEODETIC NETWORK 
 
The simulated geodetic network is defined in the geodetic coordinate system with the GRS80 reference 
ellipsoid. The simulated geodetic network is formed with four points with about a kilometre-long 
distances between them. 
 
 
Figure 6: Simulated geodetic network 
 
Coordinates of points in the geodetic coordinate system are: 
STATION 𝝋 [𝑫𝑴𝑺] 𝝀 [𝑫𝑴𝑺] 𝒉 [𝒎] 
A 45:30:47.15030 13:37:04.46170 232.87600 
B 45:30:50.81996 13:37:46.37321 207.81300 
C 45:31:47.37393 13:37:21.71890 158.59860 
D 45:31:18.37540 13:36:32.13200 45.76690 
Table 2: Simulated points in the geodetic coordinate system 
 
Coordinates of points in the projected coordinate system are: 
STATION 𝑵 [𝒎] 𝑬 [𝒎] 𝒉 [𝒎] 
A 42393.42000 392014.23000 232.87600 
B 42491.11000 392925.78000 207.81300 
C 44246.06000 392420.66000 158.59860 
D 43369.44000 391329.27000 45.76690 
Table 3: Simulated points in the projected coordinate system  
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The measured quantities were simulated, and they represent geometrically exact measured values based 
on point coordinates in the geodetic network: 
STATION TARGET ?̃?𝒔
𝒕
𝑳𝑮
 [𝒎]  ?̃?𝒔
𝒕
𝑳𝑮
 [𝑫𝑴𝑺] ?̃?𝒔
𝒕
𝑳𝑮
 [𝑫𝑴𝑺] 
A D 1206.95129 323:57:11.35 98:55:27.74 
A C 1898.12821 11:23:14.54 92:15:08.30 
A B 917.10527 82:53:48.89 91:34:14.31 
B A 917.10527 262:54:18.74 88:26:19.14 
B D 1829.32032 297:50:23.51 95:05:28.73 
B C 1826.83668 342:57:54.03 91:33:10.79 
C B 1826.83668 162:57:35.48 88:27:56.02 
C A 1898.12821 191:23:25.84 87:46:01.10 
C D 1404.35653 230:14:42.42 94:36:55.60 
D C 1404.35653 50:14:07.52 85:23:55.54 
D B 1829.32032 117:49:30.06 84:55:37.79 
D A 1206.95129 143:56:47.75 81:05:15.85 
Table 4: Geometrically exact measured values 
 
We have assigned real-world standard deviations to the measured values (Table 4). The weight matrix 
for the stochastic model of Least Squares Method is defined by standard deviations of the measured 
values and reference a-priori variance (𝜎0
2 = 1): 
 
 𝜎ℎ [𝑚] 0.002  
 𝜎𝑑  [𝑚] 0.002  
 𝜎𝑠 [𝑚] 0.002 
 
 𝜎𝛼 [𝐷𝑀𝑆] 00-00-02.00 
 
 𝜎𝑧 [𝐷𝑀𝑆] 00-00-02.00 
 
 
We use the following parameters of Transverse Mercator map projection (section 2.3): 
 
 𝜑0 [𝐷𝑀𝑆] 0-00-00.00  
 𝜆0 [𝐷𝑀𝑆] 15-00-00.00  
 𝑚0 0.9999 
 
 𝐸𝐹  [𝑚] 500 000 
 
 𝑁𝐹  [𝑚] -5 000 000 
 
 𝑅𝐺𝑚 [𝑚] 6378489.6213 
 
 
We have defined the geodetic network with points, measurements and their standard deviations. Now 
we can start with the geodetic network adjustment. 
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4.2 1D GEODETIC NETWORK ADJUSTMENT IN THE GEODETIC COORDINATE 
SYSTEM 
 
Within this section we present the reduction of measurements to the geodetic coordinate system and the 
geodetic network adjustment in the geodetic coordinate system. Because we work with geometrically 
exact measurements, we expect that measured values correspond perfectly to the coordinates obtained 
with the geodetic network adjustment. Because of geometrical exact measurements we expect that 
measurement residuals and coordinate corrections are very small or equal to zero. 
 
We start with the geometrically exact measurements (Table 4) and reduce them to the geodetic coordinate 
system. With reduced measurements and point coordinates (Table 2) we adjust the geodetic network in 
the 1D (height) geodetic coordinate system. 
 
The following table represents height differences in the geodetic coordinate system (ℎ̃𝑠
𝑡
𝐺  ), which were 
computed by using equation (46). The table contains height differences residuals (𝑣ℎ𝐺)  and adjusted 
height differences (𝑎ℎ𝐺). 
 
STATION TARGET ?̃?𝒔
𝒕
𝑮
 [𝒎] 𝒗𝒉𝑮 [𝒎] 𝒂𝒉𝒔
𝒕
𝑮
 [𝒎] 
A D -187.10910 0.00000 -187.10910 
A C -74.27739 -0.00001 -74.27740 
A B -25.06300 0.00000 -25.06300 
B A 25.06300 0.00000 25.06300 
B D -162.04610 0.00000 -162.04610 
B C -49.21439 -0.00001 -49.21440 
C B 49.21441 -0.00001 49.21440 
C A 74.27741 -0.00001 74.27740 
C D -112.83170 0.00000 -112.83170 
D C 112.83170 0.00000 112.83170 
D B 162.04611 -0.00001 162.04610 
D A 187.10910 0.00000 187.10910 
Table 5: Adjusted height differences (1D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 5), residuals in reduced height differences are very small. We can confirm that 
measured values were properly reduced to the geodetic coordinate system.  
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The following table represents point coordinates (𝜑, 𝜆, ℎ), coordinate corrections (∆𝜑, ∆𝜆, ∆ℎ), and 
adjusted coordinates (𝑎𝜑, 𝑎𝜆, 𝑎ℎ) in the geodetic coordinate system. Because we adjust the 1D geodetic 
network we only get coordinate corrections in the height component: 
 
STATION 
𝝋 [𝑫𝑴𝑺] 
∆𝝋 [𝒎] 
𝒂𝝋 [𝑫𝑴𝑺] 
𝝀 [𝑫𝑴𝑺] 
∆𝝀 [𝒎] 
𝒂𝝀 [𝑫𝑴𝑺] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
/ 
/ 
/ 
/ 
/ 
/ 
232.87600 
/ 
/ 
B 
/ 
/ 
/ 
/ 
/ 
/ 
207.81300 
/ 
/ 
C 
/ 
/ 
/ 
/ 
/ 
/ 
158.59860 
0.00000 
158.59860 
D 
/ 
/ 
/ 
/ 
/ 
/ 
45.76690 
0.00000 
45.76690 
Table 6: Adjusted coordinates (1D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 6), coordinates corrections are equal to zero. This is expected, and it means that 
the reduced measured values correspond perfectly to the coordinates of the geodetic network. 
 
Within this section we have adjusted the 1D geodetic network. We can see that the residuals of the 
reduced measured quantities are equal to zero. This result was expected because we started with 
geometrically exact measured values. Because of that we were expecting very small or zero 
measurement residuals. We can conclude that we have properly reduced measured quantities to the 
geodetic coordinate system. 
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4.3 2D GEODETIC NETWORK ADJUSTMENT IN THE GEODETIC COORDINATE 
SYSTEM 
 
Within this section we present the reduction of measurements to the geodetic coordinate system and the 
geodetic network adjustment in the geodetic coordinate system. Because we work with geometrically 
exact measurements, we expect that measured values correspond perfectly to the coordinates obtained 
with the geodetic network adjustment.  Because of geometrical exact measurements we expect that 
measurement residuals and coordinate corrections are very small or equal to zero. 
 
We start with the geometrically exact measurements (Table 4) and reduce them to the geodetic coordinate 
system. With the reduced measurements and point coordinates (Table 2) we adjust the geodetic network 
in the 2D geodetic coordinate system. 
 
The following table represents azimuth values in the geodetic coordinate system (?̃?𝑠
𝑡
𝐺  ), which were 
computed by using equation (41). The table also contains the azimuth residual (𝑣𝛼𝐺)  and the adjusted 
azimuth values (𝑎𝛼𝐺)  after network adjustment. 
 
STATION TARGET ?̃?𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒗𝜶𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒂𝜶𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 
A D 323:57:11.08 0:00:00.01 323:57:11.09 
A C 11:23:14.03 -  0:00:00.00 11:23:14.03 
A B 82:53:48.86 -  0:00:00.00 82:53:48.86 
B A 262:54:18.76 -  0:00:00.00 262:54:18.76 
B D 297:50:23.27 0:00:00.00 297:50:23.27 
B C 342:57:53.55 0:00:00.01 342:57:53.56 
C B 162:57:35.96 0:00:00.01 162:57:35.97 
C A 191:23:26.34 -  0:00:00.00 191:23:26.34 
C D 230:14:42.66 -  0:00:00.00 230:14:42.66 
D C 50:14:07.28 -  0:00:00.01 50:14:07.27 
D B 117:49:30.30 0:00:00.00 117:49:30.30 
D A 143:56:48.02 0:00:00.01 143:56:48.02 
Table 7: Adjusted azimuth (2D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 7), residuals in the reduced azimuth are very small. We can confirm that the 
measured values were properly reduced to the geodetic coordinate system.  
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The following table represents the horizontal distance on the reference ellipsoid in the geodetic 
coordinate system (?̃?𝑠
𝑡
𝐺  ), which was computed by using equation (47). The table also contains the 
horizontal distance residual (𝑣𝑑𝐺)  and the adjusted horizontal distance (𝑎𝑑𝐺)  after the geodetic network 
adjustment. 
 
STATION TARGET ?̃?𝒔
𝒕
𝑮
 [𝒎] 𝒗𝒅𝒔
𝒕
𝑮
 [𝒎] 𝒂𝒅𝒔
𝒕
𝑮
 [𝒎] 
A D 1192.33362 0.00000 1192.33362 
A C 1896.61606 0.00000 1896.61606 
A B 916.73112 0.00000 916.73112 
B A 916.73112 0.00000 916.73112 
B D 1822.09277 0.00000 1822.09277 
B C 1826.12113 0.00000 1826.12113 
C B 1826.12113 0.00000 1826.12113 
C A 1896.61606 0.00000 1896.61606 
C D 1399.79410 0.00000 1399.79410 
D C 1399.79410 0.00000 1399.79410 
D B 1822.09277 0.00000 1822.09277 
D A 1192.33362 0.00000 1192.33362 
Table 8: Adjusted horizontal distance (2D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 8), residuals in the reduced horizontal distance on the reference ellipsoid are equal 
to zero. We can confirm that the measured values were properly reduced to the geodetic coordinate 
system.  
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The following table represents point coordinates (𝜑, 𝜆, ℎ), coordinate corrections (∆𝜑, ∆𝜆, ∆ℎ), and the 
adjusted coordinates (𝑎𝜑, 𝑎𝜆, 𝑎ℎ) in the geodetic coordinate system. Because we are adjusting the 2D 
geodetic network we can only get coordinate corrections in the geodetic latitude and longitude: 
 
STATION 
𝝋 [𝑫𝑴𝑺] 
∆𝝋 [𝒎] 
𝒂𝝋 [𝑫𝑴𝑺] 
𝝀 [𝑫𝑴𝑺] 
∆𝝀 [𝒎] 
𝒂𝝀 [𝑫𝑴𝑺] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
45:30:47.15030 
/ 
/ 
13:37:04.46170 
/ 
/ 
/ 
/ 
/ 
B 
45:30:50.81996 
/ 
/ 
13:37:46.37321 
/ 
/ 
/ 
/ 
/ 
C 
45:31:47.37393 
0.00000 
45:31:47.37393 
13:37:21.71890 
0.00000 
13:37:21.71890 
/ 
/ 
/ 
D 
45:31:18.37540 
0.00000 
45:31:18.37540 
13:36:32.13200 
0.00000 
13:36:32.13200 
/ 
/ 
/ 
Table 9: Adjusted coordinates (2D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 9), coordinates corrections are equal to zero. This is expected, and it means that 
the reduced measured values correspond perfectly to the coordinates of the geodetic network. 
 
Within this chapter we have adjusted the 2D geodetic network. The reduced measurements did not get 
any significant residuals, which was expected. We started with geometrically exact measurements and 
because of that we were expecting very small or no measurement residuals. We can conclude that we 
have used proper reductions to the geodetic coordinate system. 
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4.4 3D GEODETIC NETWORK ADJUSTMENT IN THE GEODETIC COORDINATE 
SYSTEM 
 
Within this section we present the reduction of measurements to the geodetic coordinate system and the 
geodetic network adjustment in the geodetic coordinate system. Because we work with geometrically 
exact measurements, we expect that measured values correspond perfectly to the coordinates obtained 
with the geodetic network adjustment. Because of geometrical exact measurements we expect that 
measurement residuals and coordinate corrections are very small or equal to zero. 
 
We start with the geometrically exact measurements (Table 4) and reduce them to the geodetic coordinate 
system. With the reduced measurements and point coordinates (Table 2) we adjust the geodetic network 
in the 3D geodetic coordinate system. 
 
The following table represents azimuth values in the geodetic coordinate system (?̃?𝑠
𝑡
𝐺  ), which was 
computed by using equation (41). The table also contains azimuth residuals (𝑣𝛼𝐺)  and adjusted azimuths 
(𝑎𝛼𝐺)  after the geodetic network adjustment. 
 
STATION TARGET ?̃?𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒗𝜶𝒔
𝒕
𝑮
  [𝑫𝑴𝑺] 𝒂𝜶𝒔
𝒕
𝑮
  [𝑫𝑴𝑺] 
A D 323:57:11.08 0:00:00.01 323:57:11.09 
A C 11:23:14.03 -  0:00:00.00 11:23:14.03 
A B 82:53:48.86 -  0:00:00.00 82:53:48.86 
B A 262:54:18.76 -  0:00:00.00 262:54:18.76 
B D 297:50:23.27 0:00:00.00 297:50:23.27 
B C 342:57:53.55 0:00:00.01 342:57:53.56 
C B 162:57:35.96 0:00:00.01 162:57:35.97 
C A 191:23:26.34 -  0:00:00.00 191:23:26.34 
C D 230:14:42.66 -  0:00:00.00 230:14:42.66 
D C 50:14:07.28 -  0:00:00.02 50:14:07.26 
D B 117:49:30.30 0:00:00.00 117:49:30.30 
D A 143:56:48.02 0:00:00.01 143:56:48.02 
Table 10: Adjusted azimuth (3D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 10), residuals in the reduced azimuth are very small. We can confirm that the 
measured values were properly reduced to the geodetic coordinate system.  
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The following table represents zenith distance in the geodetic coordinate system (?̃?𝑠
𝑡
𝐺  ), which was 
computed by using equation (45). The table also contains zenith distance residual (𝑣𝑧𝐺)  and adjusted 
zenith distance (𝑎𝑧𝐺)  after the geodetic network adjustment. 
 
STATION TARGET ?̃?𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒗𝒛𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒂𝒛𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 
A D 98:55:25.23 -  0:00:00.00 98:55:25.23 
A C 92:15:04.31 0:00:00.00 92:15:04.31 
A B 91:34:12.38 0:00:00.00 91:34:12.38 
B A 88:26:17.21 -  0:00:00.00 88:26:17.21 
B D 95:05:24.90 -  0:00:00.00 95:05:24.90 
B C 91:33:06.95 0:00:00.00 91:33:06.95 
C B 88:27:52.19 -  0:00:00.00 88:27:52.19 
C A 87:45:57.11 -  0:00:00.00 87:45:57.11 
C D 94:36:52.66 -  0:00:00.00 94:36:52.66 
D C 85:23:52.59 0:00:00.00 85:23:52.59 
D B 84:55:33.96 0:00:00.00 84:55:33.96 
D A 81:05:13.35 0:00:00.00 81:05:13.35 
Table 11: Adjusted zenith distance (3D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 11), residuals in the reduced zenith distance are equal to zero. We can confirm that 
the measured values were properly reduced to the geodetic coordinate system.  
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The following table represents slope distance in the geodetic coordinate system (?̃?𝑠
𝑡
𝐺 ), which was 
computed by using equation (44). The table also contains slope distance residual (𝑣𝑠𝐺)  and the adjusted 
slope distance (𝑎𝑠𝐺)  after the geodetic network adjustment. 
 
STATION TARGET ?̃?𝒔
𝒕
𝑮
  [𝒎] 𝒗𝒔𝒔
𝒕
𝑮
 [𝒎] 𝒂𝒔𝒔
𝒕
𝑮
 [𝒎] 
A D 1206.95129 0.00000 1206.95129 
A C 1898.12821 0.00000 1898.12821 
A B 917.10527  0.00000 917.10527  
B A 917.10527  0.00000 917.10527  
B D 1829.32032 0.00000 1829.32032 
B C 1826.83668 0.00000 1826.83668 
C B 1826.83668 0.00000 1826.83668 
C A 1898.12821 0.00000 1898.12821 
C D 1404.35653 0.00000 1404.35653 
D C  1404.35653 0.00000  1404.35653 
D B  1829.32032 0.00000  1829.32032 
D A  1206.95129 0.00000  1206.95129 
Table 12: Adjusted slope distance (3D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 12), residuals in the slope distance are equal to zero. We can confirm that the 
measured values were properly reduced to the geodetic coordinate system.  
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The following table represents point coordinates (𝜑, 𝜆, ℎ), coordinate corrections (∆𝜑, ∆𝜆, ∆ℎ), and the 
adjusted coordinates (𝑎𝜑, 𝑎𝜆, 𝑎ℎ) in the geodetic coordinate system. Because we are adjusting the 3D 
geodetic network we can have coordinate corrections in the geodetic latitude, longitude and in height. 
 
STATION 
𝝋 [𝑫𝑴𝑺] 
∆𝝋 [𝒎] 
𝒂𝝋 [𝑫𝑴𝑺] 
𝝀 [𝑫𝑴𝑺] 
∆𝝀 [𝒎] 
𝒂𝝀 [𝑫𝑴𝑺] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
45:30:47.15030 
/ 
/ 
13:37:04.46170 
/ 
/ 
232.87600 
/ 
/ 
B 
45:30:50.81996 
/ 
/ 
13:37:46.37321 
/ 
/ 
207.81300 
/ 
/ 
C 
45:31:47.37393 
0.00000 
45:31:47.37393 
13:37:21.71890 
0.00000 
13:37:21.71890 
158.59860 
0.00000 
158.59860 
D 
45:31:18.37540 
0.00000 
45:31:18.37540 
13:36:32.13200 
0.00000 
13:36:32.13200 
45.76690 
0.00000 
45.76690 
Table 13: Adjusted coordinates (3D geodetic network adjustment in the geodetic coordinate system) 
 
As we can see (Table 13), coordinates corrections are equal to zero. This is expected, and it means that 
the reduced measured values correspond perfectly to the coordinates of the geodetic network. 
 
Within this chapter we have adjusted the 3D geodetic network. The reduced measurements did not get 
any significant residuals, which was expected. We started with geometrically exact measurements and 
because of that we were expecting very small or no measurement residuals. We can conclude that we 
have used proper reductions to the geodetic coordinate system. 
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4.5 2D GEODETIC NETWORK ADJUSTMENT IN THE PROJECTED COORDINATE 
SYSTEM 
 
Within this section we present the reduction of measurements to the projected coordinate system and 
the geodetic network adjustment in projected coordinate system. Because we work with geometrically 
exact measurements, we expect that the measured values correspond perfectly to the coordinates 
obtained in the geodetic network adjustment. Because of the geometrically exact measurements we 
expect that measurement residuals and coordinate corrections are very small or equal to zero. 
 
We start with the geometrically exact measurements (Table 4) and reduce them to the projected 
coordinate system. With the reduced measurements and point coordinates (Table 2) we adjust the 
geodetic network in the 2D projected coordinate system. 
 
The following table represents bearing in the projected coordinate system (?̃?𝑠
𝑡
𝑇𝑀 ), which was computed 
by using equation (54). The table also contains the azimuth residual (𝑣𝛼𝑇𝑀)  and the adjusted azimuth 
(𝑎𝛼𝑇𝑀)  after the geodetic network adjustment. 
 
STATION TARGET ?̃?𝒔
𝒕
𝑻𝑴
 [𝑫𝑴𝑺] 𝒗𝜶𝒔
𝒕
𝑻𝑴
 [𝑫𝑴𝑺] 𝒂𝜶𝒔
𝒕
𝑻𝑴
 [𝑫𝑴𝑺] 
A D 324:56:21.29 0:0:00.00 324:56:21.29 
A C  12:22:24.48 0:0:00.00  12:22:24.48 
A B  83:52:58.83 0:0:00.00  83:52:58.83 
B A 263:52:58.83 0:0:00.00 263:52:58.83 
B D 298:49:03.60 0:0:00.00 298:49:03.60 
B C 343:56:34.13 0:0:00.00 343:56:34.13 
C B 163:56:34.13 0:0:00.00 163:56:34.13 
C A 192:22:24.48 0:0:00.00 192:22:24.48 
C D 231:13:41.06 0:0:00.00 231:13:41.06 
D C  51:13:41.06 0:0:00.00  51:13:41.06 
D B 118:49:03.60 0:0:00.00 118:49:03.60 
D A 144:56:21.29 0:0:00.00 144:56:21.29 
Table 14: Adjusted bearings (2D geodetic network adjustment in the projected coordinate system) 
 
As we can see (Table 14), residuals to reduced bearings are equal to zero. We can confirm that the 
measured values were properly reduced to the geodetic coordinate system.  
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The following table represents horizontal distance in the projected coordinate system (?̃?𝑠
𝑡
𝑇𝑀 ), which was 
computed by using equation (55). The table also contains the horizontal distance residual (𝑣𝑑𝑇𝑀)  and 
the adjusted horizontal distance (𝑎𝑑𝑇𝑀)  after the geodetic network adjustment. 
 
STATION TARGET ?̃?𝒔
𝒕
𝑻𝑴
 [𝒎] 𝒗𝒅𝒔
𝒕
𝑻𝑴
 [𝒎] 𝒂𝒅𝒔
𝒕
𝑻𝑴
 [𝒎] 
A D 1192.38636 0.00000 1192.38636 
A C 1896.69721 0.00000 1896.69721 
A B 916.76973 0.00000 916.76973 
B A 916.76973 0.00000 916.76973 
B D 1822.17117 0.00000 1822.17117 
B C 1826.19706 0.00000 1826.19706 
C B 1826.19706 0.00000 1826.19706 
C A 1896.69721 0.00000 1896.69721 
C D 1399.85526 0.00000 1399.85526 
D C 1399.85526 0.00000 1399.85526 
D B 1822.17117 0.00000 1822.17117 
D A 1192.38636 0.00000 1192.38636 
Table 15: Adjusted horizontal distance (2D geodetic network adjustment in the projected coordinate system) 
 
As we can see (Table 15), the residuals in the reduced horizontal distance are equal to zero. We can 
confirm that the measured values were properly reduced to the geodetic coordinate system.  
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The following table represents point coordinates (𝑁, 𝐸, ℎ), coordinate corrections (∆𝑁, ∆𝐸, ∆ℎ), and the 
adjusted coordinates (𝑎𝑁, 𝑎𝐸, 𝑎ℎ) in the projected coordinate system. Because we adjust the 2D geodetic 
network, we can see coordinate corrections in the direction of north and east: 
 
STATION 
𝑵 [𝒎] 
∆𝑵 [𝒎] 
𝒂𝑵 [𝒎] 
𝑬 [𝒎] 
∆𝑬 [𝒎] 
𝒂𝑬 [𝒎] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
42393.42000 
/ 
/ 
392014.23000 
/ 
/ 
/ 
/ 
/ 
B 
42491.11000 
/ 
/ 
392925.78000 
/ 
/ 
/ 
/ 
/ 
C 
44246.06000 
0.00000 
44246.06000 
392420.66000 
0.00000 
392420.66000 
/ 
/ 
/ 
D 
43369.44000 
0.00000 
43369.44000 
391329.27000 
0.00000 
391329.27000 
/ 
/ 
/ 
Table 16: Adjusted coordinates (2D geodetic network adjustment in the projected coordinate system) 
 
As we can see (Table 16), coordinates corrections are equal to zero. This is expected, and it means that 
the reduced measurements correspond perfectly to the coordinates of the geodetic network. 
 
Within this chapter we have adjusted the 2D geodetic network. The reduced measurements did not have 
any significant residuals, which was expected. We started with geometrically exact measurements and 
because of that we were expecting very small or no measurement residuals. We can conclude that we 
have used proper reductions to the projected coordinate system. 
 
 
4.6 COMPARISON OF THE 2D GEODETIC NETWORK ADJUSTMENT 
 
Within this section we compare the 2D geodetic network adjustment results in the projected and in the 
geodetic coordinate system. We compare reduced measurements and the adjusted coordinates. We 
expect, that the coordinates will be the same no matter in which coordinate system the adjustment of the 
geodetic network is performed. 
 
Within this section we use data from previous sections. The geodetic network adjustment in the projected 
coordinate system is taken from section 4.5 and in the geodetic coordinate system from section 4.3. 
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The following table combines azimuth data from the two geodetic network adjustments. The first 
azimuth (?̃?𝑠
𝑡
𝑇𝑀) is adjusted in the projected coordinate system (Table 14) and the second (?̃?𝑠
𝑡
𝐺
) is adjusted 
in the geodetic coordinate system (Table 7). 
 
STATION TARGET 
?̃?𝒔
𝒕
𝑻𝑴
 
𝒗𝜶𝒔
𝒕
𝑻𝑴
 
?̃?𝒔
𝒕
𝑮
 
𝒗𝜶𝒔
𝒕
𝑮
 
𝒗𝜶𝒔
𝒕
𝑻𝑴
− 𝒗𝜶𝒔
𝒕
𝑮
 
A D 
324:56:21.29 
0:00:00.00 
323:57:11.08 
  0:00:00.00 
0:00:00.00 
A C 
 12:22:24.48 
0:00:00.00 
11:23:14.03 
 0:00:00.00 
0:00:00.00 
A B 
 83:52:58.83 
0:00:00.00 
  82:53:48.86 
-  0:00:00.00 
0:00:00.00 
B A 
263:52:58.83 
0:00:00.00 
262:54:18.76 
-  0:00:00.00 
0:00:00.00 
B D 
298:49:03.60 
0:00:00.00 
297:50:23.27 
  0:00:00.00 
0:00:00.00 
B C 
343:56:34.13 
0:00:00.00 
342:57:53.55 
  0:00:00.00 
0:00:00.00 
C B 
163:56:34.13 
0:00:00.00 
162:57:35.96 
  0:00:00.01 
-  0:00:00.01 
C A 
192:22:24.48 
0:00:00.00 
191:23:26.34 
-  0:00:00.01 
0:00:00.01 
C D 
231:13:41.06 
0:00:00.00 
230:14:42.66 
-  0:00:00.00 
0:00:00.00 
D C 
 51:13:41.06 
0:00:00.00 
  50:14:07.28 
-  0:00:00.01 
0:00:00.01 
D B 
118:49:03.60 
0:00:00.00 
117:49:30.30 
  0:00:00.00 
0:00:00.00 
D A 
144:56:21.29 
0:00:00.00 
143:56:48.02 
  0:00:00.00 
0:00:00.00 
Table 17: Comparison of the azimuth in the projected and in the geodetic coordinate system 
 
We have compared azimuths, which were adjusted in the projected and in the geodetic coordinate 
system. We can see that the input azimuths (?̃?𝑠
𝑡
𝑇𝑀) and (?̃?𝑠
𝑡
𝐺) are different. This is expected, and it is a 
result of the reduction of measurements to the map projection plane, which was described in section 2.3. 
 
The maximum difference between the input azimuths (?̃?𝑠
𝑡
𝑇𝑀) and (?̃?𝑠
𝑡
𝐺) is between points D and C with a 
difference of 0⁰ 59’ 33.79’’. 
 
We can also see that the difference of the residual between azimuths in the projected (𝑣𝛼𝑠
𝑡
𝑇𝑀) and in the 
geodetic (𝑣𝛼𝑠
𝑡
𝐺) coordinate system is very small (neglectable) with the value of 0.01 arcseconds. 
 
Based on the residual difference between the azimuths, we can conclude that with the proper reduction 
of measurement quantities it does not matter in which coordinate system we adjust the geodetic 
networks. 
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The following table combines the horizontal distance from the two geodetic network adjustments. The 
first horizontal distance (?̃?𝑠
𝑡
𝑇𝑀) is adjusted in the projected coordinate system (Table 15) and second (?̃?𝑠
𝑡
𝐺) 
is adjusted in the geodetic coordinate system (Table 8). 
 
STATION TARGET 
?̃?𝒔
𝒕
𝑻𝑴
 
𝒗𝒅𝒔
𝒕
𝑻𝑴
 
?̃?𝒔
𝒕
𝑮
 
𝒗𝒅𝒔
𝒕
𝑮
 
𝒗𝒅𝒔
𝒕
𝑻𝑴
− 𝒗𝒅𝒔
𝒕
𝑮
 
A D 
1192.38636 
   0.00000 
1192.33362 
  -0.00000 
0.00000 
A C 
1896.69721 
   0.00000 
1896.61606 
  -0.00000 
0.00000 
A B 
916.76973 
 -0.00000 
916.73112 
  0.00000 
0.00000 
B A 
916.76973 
  -0.00000 
916.73112 
  0.00000 
0.00000 
B D 
1822.17117 
  -0.00000 
1822.09277 
   0.00000 
0.00000 
B C 
1826.19706 
  -0.00000 
1826.12113 
  -0.00000 
0.00000 
C B 
1826.19706 
  -0.00000 
1826.12113 
  -0.00000 
0.00000 
C A 
1896.69721 
   0.00000 
1896.61606 
  -0.00000 
0.00000 
C D 
1399.85526 
  -0.00000 
1399.79410 
   0.00000 
0.00000 
D C 
1399.85526 
   0.00000 
1399.79410 
   0.00000 
0.00000 
D B 
1822.17117 
  -0.00000 
1822.09277 
   0.00000 
0.00000 
D A 
1192.38636 
   0.00000 
1192.33362 
  -0.00000 
0.00000 
Table 18: Comparison of horizontal distance in the projected and in the geodetic coordinate system 
 
We have compared horizontal distances, which were adjusted in the projected and in the geodetic 
coordinate system. We can see that the input horizontal distances (?̃?𝑠
𝑡
𝑇𝑀) and (?̃?𝑠
𝑡
𝐺) are different. This is 
expected, and it is a result of the reduction of measurements to the projection, which was described in 
section 2.3. 
 
The maximum difference between the input horizontal distances (?̃?𝑠
𝑡
𝑇𝑀) and (?̃?𝑠
𝑡
𝐺) is between points A 
and C with a difference of 8.1 centimetres. 
 
We can also see that the difference of the residual between the horizontal distance in the projected 
(𝑣𝑑𝑠
𝑡
𝑇𝑀) and in the geodetic (𝑣𝑑𝑠
𝑡
𝐺) coordinate system is equal to zero. 
 
Based on the residual difference between horizontal distances we can conclude, that with the proper 
reduction of measurements it does not matter in which coordinate system we adjust geodetic networks. 
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The following table represents the adjusted coordinates in the projected (Table 16) and the geodetic 
coordinates in the geodetic coordinate system (Table 9), which were projected (section 2.3) using the 
same projection as in the projected coordinate system. 
 
STATION 
𝑵𝑻𝑴[𝒎] 
∆𝑵𝑻𝑴[𝒎] 
𝒂𝑵𝑻𝑴[𝒎] 
𝑬𝑻𝑴[𝒎] 
∆𝑬𝑻𝑴[𝒎] 
𝒂𝑬𝑻𝑴[𝒎] 
𝑵𝑮[𝒎] 
∆𝑵𝑮[𝒎] 
𝒂𝑵𝑮[𝒎] 
𝑬𝑮[𝒎] 
∆𝑬𝑮[𝒎] 
𝒂𝑬𝑮[𝒎] 
A 
42393.42000 
/ 
/ 
392014.23000 
/ 
/ 
42393.42000 
/ 
/ 
392014.23000 
/ 
/ 
B 
42491.11000 
/ 
/ 
392925.78000 
/ 
/ 
42491.11000 
/ 
/ 
392925.78000 
/ 
/ 
C 
44246.06000 
0.00000 
44246.06000 
392420.66000 
0.00000 
392420.66000 
44246.06000 
0.00000 
44246.06000 
392420.66000 
0.00000 
392420.66000 
D 
43369.44000 
0.00000 
43369.44000 
391329.27000 
0.00000 
391329.27000 
43369.44000 
0.00000 
43369.44000 
391329.27000 
0.00000 
391329.27000 
Table 19: Comparison of coordinates, adjusted in the projected and in the geodetic coordinate system 
 
As we can see (Table 19), adjusted coordinates are the same. This is expected, and we can confirm, that 
with the proper reduction of measured quantities it does not matter in which coordinate system we 
perform the adjustment of the geodetic network. We always get the same result. 
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DISCUSSION 
 
The geodetic network adjustment is one of the most important problems of practical geodesy and 
surveying. We can perform a geodetic network adjustment in 1D, 2D or 3D spaces and in different 
coordinate systems. We have shown that with the usage of the proper reduction of measurement 
quantities we should get the same point positions regardless of the selected coordinate system. This 
means that geodetic network adjustment results are independent of the coordinate system. 
 
The reduction of measured values is the most important process in the geodetic network adjustment and 
different types of measurements require different reductions. The used reductions are dependent upon 
the starting and the final coordinate system and the reference surfaces used for the measurements 
reductions. When transferring measurements from the local astronomic to the local geodetic coordinate 
system we only reduce azimuth and zenith distance. Slope distance is not reduced. When transferring 
from the local geodetic to the geodetic coordinate system, only the azimuth is reduced and reductions to 
it are small and often neglected. Slope distance and zenith distance are not reduced. Horizontal distance 
reductions are more complex. When calculating the horizontal distance in the geodetic coordinate 
system, we must have very good approximate coordinates of the station and target points. The same is 
true when we reduce the azimuth and the horizontal distance to the projected coordinate system. We 
need to have very good coordinates of station and target points, otherwise we are bringing systematic 
errors to the geodetic network adjustment. 
 
We can adjust the 3D geodetic network based on basic terrestrial measurements (slope distances, 
horizontal directions, zenith distances) also directly in the geodetic coordinate system instead of further 
reducing them to an ellipsoidal surface or to a map projection. This allows us to operate only with the 
basic terrestrial measurements and, therefore, we do not need any further reductions to get height 
differences or horizontal distances. 
 
The geodetic network adjustment has evolved over time. Before the computer age, we had rarely used 
the geodetic network adjustment in practical geodesy. The process of the geodetic network adjustment 
was more often present in surveying engineering, in state geodetic offices to compute point coordinates 
on the national level, and in the scientific sphere of geodesy. Point coordinates were adjusted separately 
for 1D and for 2D in the projected coordinate system. 
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In the computer age things have changed significantly. Geodetic network adjustment is more common 
in practical geodesy and surveying. Most computations nowadays are performed using computer 
programs and, therefore, complex mathematical operations are not a problem anymore.  
 
With the computer age we can also talk about the globalization of geodesy. GNSS demands that we 
define and use one common global geodetic reference coordinate system. Merging terrestrial 
measurements with GNSS measurements in the projected coordinate system is only possible with proper 
reductions, but when merging GNSS and terrestrial measurements in the geodetic coordinate system 
there are no reductions needed. 
 
We have shown that it does not matter in which coordinate system we perform the adjustment of the 
geodetic network if we use properly reduced measurement data. However, in view of the future of 
geodesy, it would be appropriate to switch the geodetic network adjustment to the geodetic coordinate 
system. It offers a simpler solution to use terrestrial measurements or to combine them with GNSS 
technology. When point coordinates are needed in the projected coordinate system we can still do it and 
project geodetic coordinates to the projected coordinate system. 
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RAZŠIRJEN POVZETEK V SLOVENŠČINI 
 
Magistrsko delo je v napisano v angleškem jeziku. Znotraj tega poglavja predstavljamo glavne elemente 
magistrskega dela v slovenskem jeziku. Opišemo problem, predstavimo rezultate izravnave geodetske 
mreže in v zaključku komentiramo ugotovitve. 
 
 
1 UVOD 
 
Geodetska mreža predstavlja osnovo za vse geodetske naloge in pravilno bi bilo, da ko govorimo o 
geodetski mreži, govorimo tudi o izravnavi geodetske mreže. Geodetska mreža predstavlja skupek točk 
na površini Zemlje, ki so med seboj povezane z merjenimi količinami. Namen geodetske mreže je, da 
nam zagotovi kakovostne referenčne točke, ki jih uporabljamo v različnih geodetskih nalogah. 
 
Točke geodetske mreže in njihove koordinate lahko razumemo kot praktično realizacijo koordinatnega 
sistema, v katerem so določene koordinate točk mreže. Pred uveljavitvijo globalnih navigacijskih 
satelitskih sistemov (GNSS) smo geodetske mreže vzpostavljali na podlagi terestričnih meritev. Z 
vzpostavitvijo geodetske mreže smo praktično realizirali nacionalne, regionalne ali lokalne koordinatne 
sisteme. Koordinate točk v geodetski mreži so lahko izračunane v obliki geodetskih koordinat v 
geodetskem koordinatnem sistemu ali v obliki koordinat v koordinatnem sistemu ravnine kartografske 
projekcije. 
 
Koordinatni sistemi v ravnini kartografske projekcije so torej del kartografskih projekcij, kjer 
kartografska projekcija predstavlja niz pravil, ki preslikavajo površino Zemlje ali njenega dela na 
ravnino. Najpogostejša uporaba kartografskih projekcij je predstavitev površine Zemlje v obliki 
zemljevidov. Kartografske projekcije in koordinatni sistemi v ravnini kartografskih projekcij se v praksi 
pogosto uporabljajo. 
 
Izravnava geodetske mreže je postopek, kjer se koordinate točk določijo na podlagi izravnave merjenih 
količin. Pred izvedbo izravnave geodetske mreže moramo merjene količine ustrezno reducirati. 
Terestrične meritve moramo reducirati iz realnega sveta (fizičnega prostora) v ustrezen koordinatni 
sistem ali na referenčno ploskev, ki je lahko referenčni elipsoid ali ravnina kartografske projekcije. 
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Z uveljavitvijo GNSS meritev smo iz lokalnih in regionalnih koordinatnih sistemov prešli v globalne 
geodetske koordinatne sisteme. Te lahko uporabimo tudi za izravnavo geodetske mreže in tako 
enostavno združujemo terestrične meritve z GNSS meritvami. 
 
V okviru magistrskega dela predstavljamo izravnavo geodetske mreže v geodetskem in koordinatnem 
sistemu v ravnini kartografske projekcije (opisano v poglavju 3 na strani 25). Predstavljamo osnovne 
zveze med parametri rotacijskega elipsoida (opisano v poglavju 1.1 na strani 5), obravnavamo osnovne 
koordinatne sisteme (opisano v poglavju 1.2 na strani 8), geodetski problem (opisano v poglavju 1.3 na 
strani 15), redukcijo merjenih količin na geodetski koordinatni sistem ter v ravnino projekcije (opisano 
v poglavju 2 na strani 19) in izravnavo geodetske mreže (opisano v poglavju 4 na strani 33). 
 
Pokazali bomo, da je izravnava geodetske mreže neodvisna od uporabljenega koordinatnega sistema, če 
uporabljamo pravilno reducirane merjene količine. To trditev ilustriramo na praktičnem primeru 
izravnave geodetske mreže. Začnemo z osnovnimi terestričnimi meritvami, ki jih reduciramo v izbrani 
koordinatni sistem in na podlagi reduciranih meritev izvedemo izravnavo geodetske mreže v 
geodetskem koordinatnem sistemu ter izravnavo v ravnini kartografske projekcije. 
 
Predstavljamo enačbe, ki so potrebne za izravnavo geodetske mreže v geodetskem in koordinatnem 
sistemu konformne kartografske projekcije (opisano v poglavju 4 na strani 33). Pokazali bomo, da nam 
izravnava geodetske mreže v geodetskem koordinatnem sistemu omogoča večjo prilagodljivost v smislu 
redukcije meritev in vključevanja različnih vrst merjenih količin v izravnavo. 
 
V nadaljevanju je v slovenskem jeziku predstavljen le primer izravnave geodetske mreže. Postopki, ki 
so uporabljeni za izravnavo so predstavljeni v angleškem jeziku. 
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2 PRIMER IZRAVNAVE GEODETSKE MREŽE 
 
Znotraj tega poglavja vzpostavimo simulirano geodetsko mrežo, ki bo izravnana v geodetskem 
koordinatnem sistemu in koordinatnem sistemu kartografske projekcije. Začnemo s simuliranimi 
meritvami v lokalnem geodetskem koordinatnem sistemu. S tem se izognemo redukciji merjenih količin 
iz fizičnega v matematični oz. računski prostor. 
 
Izravnavo opravimo v različnih geodetskih mrežah: 
- izravnava 1-razsežne (1R) geodetske mreže v geodetskem koordinatnem sistemu 
- izravnava 2-razsežne (2R) geodetske mreže v geodetskem koordinatnem sistemu 
- izravnava 3-razsežne (3R) geodetske mreže v geodetskem koordinatnem sistemu 
- Izravnava 2-razsežne (2R) geodetske mreže v koordinatnem sistemu kartografske projekcije 
 
V naslednjih poglavjih predstavimo zgoraj omenjene izravnave geodetskih mrež v geodetskem 
koordinatnem sistemu in koordinatnem sistemu kartografske projekcije. Na podlagi rezultatov izravnav 
primerjamo 2-razsežno geodetsko mrežo, ki je izravnana v koordinatnem sistemu kartografske 
projekcije in geodetskem koordinatnem sistemu. Primerjamo vhodne merjene količine, njihove 
popravke in izravnane koordinate. Dokazati želimo, da pri ustreznih redukcijah merjenih količin ni 
pomembno, v katerem koordinatnem sistemu izvajamo izravnavo geodetske mreže. Rezultat mora biti 
enak ali z zelo majhnimi (zanemarljivimi) razlikami v popravkih meritev in izravnanih koordinatah. 
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2.1 SIMULIRANA GEODETSKA MREŽA 
 
Simulirano geodetsko mrežo definiramo s štirimi točkami s približno kilometrsko medsebojno razdaljo 
v geodetskem koordinatnem sistemu z referenčnim elipsoidom GRS80. 
 
 
Slika 1: Simulirana geodetska mreža 
 
Koordinate točk v geodetskem koordinatnem sistemu so: 
TOČKA 𝝋 [𝑫𝑴𝑺] 𝝀 [𝑫𝑴𝑺] 𝒉 [𝒎] 
A 45:30:47.15030 13:37:04.46170 232.87600 
B 45:30:50.81996 13:37:46.37321 207.81300 
C 45:31:47.37393 13:37:21.71890 158.59860 
D 45:31:18.37540 13:36:32.13200 45.76690 
Preglednica 1: Simulirane točke v geodetskem koordinatnem sistemu 
 
Koordinate točk v koordinatnem sistemu kartografske projekcije so: 
TOČKA 𝑵 [𝒎] 𝑬 [𝒎] 𝒉 [𝒎] 
A 42393.42000 392014.23000 232.87600 
B 42491.11000 392925.78000 207.81300 
C 44246.06000 392420.66000 158.59860 
D 43369.44000 391329.27000 45.76690 
Preglednica 2: Simulirane točke v koordinatnem sistemu kartografske projekcije 
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Merjene količine so simulirane in predstavljajo geometrično točne merjene količine:  
OD DO ?̃?𝒔
𝒕
𝑳𝑮
 [𝒎]  ?̃?𝒔
𝒕
𝑳𝑮
 [𝑫𝑴𝑺] ?̃?𝒔
𝒕
𝑳𝑮
 [𝑫𝑴𝑺] 
A D 1206.95129 323:57:11.35 98:55:27.74 
A C 1898.12821 11:23:14.54 92:15:08.30 
A B 917.10527 82:53:48.89 91:34:14.31 
B A 917.10527 262:54:18.74 88:26:19.14 
B D 1829.32032 297:50:23.51 95:05:28.73 
B C 1826.83668 342:57:54.03 91:33:10.79 
C B 1826.83668 162:57:35.48 88:27:56.02 
C A 1898.12821 191:23:25.84 87:46:01.10 
C D 1404.35653 230:14:42.42 94:36:55.60 
D C 1404.35653 50:14:07.52 85:23:55.54 
D B 1829.32032 117:49:30.06 84:55:37.79 
D A 1206.95129 143:56:47.75 81:05:15.85 
Preglednica 3: Geometrično točne merjene količine 
 
Merjenim količinam (Preglednica 2) smo dodelili smiselno izbrane vrednosti standardnih odklonov. Z 
njimi sestavimo matriko uteži, ki predstavlja stohastični model izravnave po metodi najmanjših 
kvadratov (opisano v poglavju 3 na strani 25). Matrika uteži je sestavljena na podlagi naslednjih 
standardnih odklonov in referenčne a-priori variance (𝜎0
2 = 1): 
 
 𝜎ℎ [𝑚] 0.002  
 𝜎𝑑  [𝑚] 0.002  
 𝜎𝑠 [𝑚] 0.002 
 
 𝜎𝛼 [𝐷𝑀𝑆] 00-00-02.00 
 
 𝜎𝑧 [𝐷𝑀𝑆] 00-00-02.00 
 
 
Kartografska projekcija je definirana z naslednjimi parametri (opisano v poglavju 2.3 na strani 22): 
 
 𝜑0 [𝐷𝑀𝑆] 0-00-00.00  
 𝜆0 [𝐷𝑀𝑆] 15-00-00.00  
 𝑚0 0.9999 
 
 𝐸𝐹  [𝑚] 500 000 
 
 𝑁𝐹  [𝑚] -5 000 000 
 
 𝑅𝐺𝑚 [𝑚] 6378489.6213 
 
 
Geodetsko mrežo smo definirali s točkami, meritvami in njihovimi standardnimi odkloni. Zdaj lahko 
začnemo z izravnavo geodetske mreže. 
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2.2 IZRAVNAVA GEODETSKE MREŽE V 1R GEODETSKEM KOORDINATNEM 
SISTEMU 
 
V tem poglavju predstavljamo redukcijo meritev v geodetski koordinatni sistem in izravnavo geodetske 
mreže v geodetskem koordinatnem sistemu. Ker imamo geometrično točne meritve, pričakujemo, da 
bodo po izravnavi popravki meritev in popravki približnih vrednosti koordinat točk enaki nič. 
 
Začnemo z geometrijsko točnimi meritvami (Preglednica 3) in jih reduciramo v geodetski koordinatni 
sistem. Z reduciranimi merjenimi količinami in koordinatami točk (Preglednica 1) izravnamo geodetsko 
mrežo v 1-razsežnem (1R) geodetskem koordinatnem sistemu. 
 
Naslednja tabela predstavlja višinske razlike v geodetskem koordinatnem sistemu (ℎ̃𝑠𝑡𝐺  ), katere smo 
reducirali z uporabo enačbe (46). Tabela vsebuje tudi popravke višinskih razlik (𝑣ℎ𝐺)  in izravnane 
višinske razlike (𝑎ℎ𝐺). 
 
OD DO ?̃?𝒔
𝒕
𝑮
 [𝒎] 𝒗𝒉𝑮 [𝒎] 𝒂𝒉𝒔
𝒕
𝑮
 [𝒎] 
A D -187.10910 0.00000 -187.10910 
A C -74.27739 -0.00001 -74.27740 
A B -25.06300 0.00000 -25.06300 
B A 25.06300 0.00000 25.06300 
B D -162.04610 0.00000 -162.04610 
B C -49.21439 -0.00001 -49.21440 
C B 49.21441 -0.00001 49.21440 
C A 74.27741 -0.00001 74.27740 
C D -112.83170 0.00000 -112.83170 
D C 112.83170 0.00000 112.83170 
D B 162.04611 -0.00001 162.04610 
D A 187.10910 0.00000 187.10910 
Preglednica 4: Izravnane višinske razlike (1R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 4), so popravki reduciranih višinskih razlik zelo majhni in s tem lahko 
potrdimo, da so bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela prikazuje koordinate točk (𝜑, 𝜆, ℎ), popravke koordinat (∆𝜑, ∆𝜆, ∆ℎ) in izravnane 
koordinate (𝑎𝜑, 𝑎𝜆, 𝑎ℎ) v geodetskem koordinatnem sistemu. Ker geodetsko mrežo izravnavamo le v 
višinskem sistemu, se popravki koordinat pojavijo samo po višini. 
 
TOČKA 
𝝋 [𝑫𝑴𝑺] 
∆𝝋 [𝒎] 
𝒂𝝋 [𝑫𝑴𝑺] 
𝝀 [𝑫𝑴𝑺] 
∆𝝀 [𝒎] 
𝒂𝝀 [𝑫𝑴𝑺] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
/ 
/ 
/ 
/ 
/ 
/ 
232.87600 
/ 
/ 
B 
/ 
/ 
/ 
/ 
/ 
/ 
207.81300 
/ 
/ 
C 
/ 
/ 
/ 
/ 
/ 
/ 
158.59860 
0.00000 
158.59860 
D 
/ 
/ 
/ 
/ 
/ 
/ 
45.76690 
0.00000 
45.76690 
Preglednica 5: Izravnane koordinate točk (1R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 5), so popravki koordinati enaki nič. To je pričakovano in pomeni, da 
reducirane merjene količine popolnoma ustrezajo koordinatam geodetske mreže. 
 
V tem poglavju smo izravnali geodetsko mrežo v enorazsežnem, višinskem sistemu. Vidimo, da so 
popravki reduciranih merjenih količin zelo majhni. To je pričakovan rezultat, saj smo v izravnavi 
uporabili geometrično točne merjene vrednosti. Zaradi tega je pričakovati zelo majhne ali ničelne 
popravke meritev. Iz navedenega lahko sklepamo, da smo merjene količine pravilno reducirali v 
geodetski koordinatni sistem. 
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2.3 IZRAVNAVA GEODETSKE MREŽE V 2R GEODETSKEM KOORDINATNEM 
SISTEMU 
 
V tem poglavju predstavljamo redukcijo meritev v geodetski koordinatni sistem in izravnavo geodetske 
mreže v geodetskem koordinatnem sistemu. Ker imamo geometrično točne meritve, pričakujemo, da 
bodo popravki meritev in popravki približnih vrednosti koordinat točk po izravnavi enaki nič. 
 
Začnemo z geometrijsko točnimi meritvami (Preglednica 3) in jih reduciramo na geodetski koordinatni 
sistem. Z reduciranimi merjenimi količinami in koordinatami točk (Preglednica 1) izravnamo geodetsko 
mrežo v 2-razsežnem geodetskem koordinatnem sistemu. 
 
Naslednja tabela predstavlja vrednosti azimutov v geodetskem koordinatnem sistemu (?̃?𝑠
𝑡
𝐺  ), katere smo 
reducirali z uporabo enačbe (41). Tabela vsebuje tudi popravke azimutov (𝑣𝛼𝐺)  in izravnane vrednosti 
azimutov (𝑎𝛼𝐺). 
 
OD DO ?̃?𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒗𝜶𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒂𝜶𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 
A D 323:57:11.08 0:00:00.01 323:57:11.09 
A C 11:23:14.03 -  0:00:00.00 11:23:14.03 
A B 82:53:48.86 -  0:00:00.00 82:53:48.86 
B A 262:54:18.76 -  0:00:00.00 262:54:18.76 
B D 297:50:23.27 0:00:00.00 297:50:23.27 
B C 342:57:53.55 0:00:00.01 342:57:53.56 
C B 162:57:35.96 0:00:00.01 162:57:35.97 
C A 191:23:26.34 -  0:00:00.00 191:23:26.34 
C D 230:14:42.66 -  0:00:00.00 230:14:42.66 
D C 50:14:07.28 -  0:00:00.01 50:14:07.27 
D B 117:49:30.30 0:00:00.00 117:49:30.30 
D A 143:56:48.02 0:00:00.01 143:56:48.02 
Preglednica 6: Izravnani azimuti (2R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 6), so popravki reduciranih azimutov zelo majhni in s tem lahko potrdimo, 
da so bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela predstavlja horizontalne dolžine v geodetskem koordinatnem sistemu (?̃?𝑠𝑡𝐺  ), katere smo 
reducirali z uporabo enačbe (47). Tabela vsebuje tudi popravke horizontalnih dolžin (𝑣𝑑𝐺)  in izravnane 
horizontalne dolžine (𝑎𝑑𝐺). 
 
OD DO ?̃?𝒔
𝒕
𝑮
 [𝒎] 𝒗𝒅𝒔
𝒕
𝑮
 [𝒎] 𝒂𝒅𝒔
𝒕
𝑮
 [𝒎] 
A D 1192.33362 0.00000 1192.33362 
A C 1896.61606 0.00000 1896.61606 
A B 916.73112 0.00000 916.73112 
B A 916.73112 0.00000 916.73112 
B D 1822.09277 0.00000 1822.09277 
B C 1826.12113 0.00000 1826.12113 
C B 1826.12113 0.00000 1826.12113 
C A 1896.61606 0.00000 1896.61606 
C D 1399.79410 0.00000 1399.79410 
D C 1399.79410 0.00000 1399.79410 
D B 1822.09277 0.00000 1822.09277 
D A 1192.33362 0.00000 1192.33362 
Preglednica 7: Izravnane horizontalne dolžine (2R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 7), so popravki reduciranih horizontalnih dolžin enaki nič in s tem lahko 
potrdimo, da so bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela prikazuje koordinate točk (𝜑, 𝜆, ℎ), popravke koordinat (∆𝜑, ∆𝜆, ∆ℎ) in izravnane 
koordinate (𝑎𝜑, 𝑎𝜆, 𝑎ℎ) v geodetskem koordinatnem sistemu. Ker geodetsko mrežo izravnavamo v 
dvorazsežnem geodetskem sistemu, dobimo popravke koordinat samo za horizontalne koordinate točk. 
 
TOČKA 
𝝋 [𝑫𝑴𝑺] 
∆𝝋 [𝒎] 
𝒂𝝋 [𝑫𝑴𝑺] 
𝝀 [𝑫𝑴𝑺] 
∆𝝀 [𝒎] 
𝒂𝝀 [𝑫𝑴𝑺] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
45:30:47.15030 
/ 
/ 
13:37:04.46170 
/ 
/ 
/ 
/ 
/ 
B 
45:30:50.81996 
/ 
/ 
13:37:46.37321 
/ 
/ 
/ 
/ 
/ 
C 
45:31:47.37393 
0.00000 
45:31:47.37393 
13:37:21.71890 
0.00000 
13:37:21.71890 
/ 
/ 
/ 
D 
45:31:18.37540 
0.00000 
45:31:18.37540 
13:36:32.13200 
0.00000 
13:36:32.13200 
/ 
/ 
/ 
Preglednica 8: Izravnane koordinate točk (2R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 8), so koordinatni popravki enaki nič. To je pričakovano in pomeni, da 
reducirane merjene količine popolnoma ustrezajo koordinatam geodetske mreže. 
 
V tem poglavju smo izravnali geodetsko mrežo v dvorazsežnem, ravninskem sistemu. Vidimo, da so 
popravki reduciranih merjenih količin zelo majhni. To je pričakovan rezultat, saj smo v izravnavi 
uporabili geometrično točne merjene vrednosti. Zaradi tega je pričakovati zelo majhne ali ničelne 
popravke meritev. Iz navedenega lahko sklepamo, da smo merjene količine pravilno reducirali v 
geodetski koordinatni sistem. 
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2.4 IZRAVNAVA GEODETSKE MREŽE V 3R GEODETSKEM KOORDINATNEM 
SISTEMU 
 
V tem poglavju predstavljamo redukcijo meritev v geodetski koordinatni sistem in izravnavo geodetske 
mreže v geodetskem koordinatnem sistemu. Ker imamo geometrično točne meritve, pričakujemo, da 
bodo po izravnavi popravki meritev in popravki približnih vrednosti koordinat točk enaki nič. 
 
Začnemo z geometrijsko točnimi meritvami (Preglednica 3) in jih reduciramo na geodetski koordinatni 
sistem. Z reduciranimi merjenimi količinami in koordinatami točk (Preglednica 1) izravnamo geodetsko 
mrežo v 3-razsežnem (3R) geodetskem koordinatnem sistemu. 
 
Naslednja tabela predstavlja vrednosti azimutov v geodetskem koordinatnem sistemu (?̃?𝑠
𝑡
𝐺  ), katere smo 
reducirali z uporabo enačbe (41). Tabela vsebuje tudi popravke azimutov (𝑣𝛼𝐺)  in izravnane vrednosti 
azimutov (𝑎𝛼𝐺). 
 
OD DO ?̃?𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒗𝜶𝒔
𝒕
𝑮
  [𝑫𝑴𝑺] 𝒂𝜶𝒔
𝒕
𝑮
  [𝑫𝑴𝑺] 
A D 323:57:11.08 0:00:00.01 323:57:11.09 
A C 11:23:14.03 -  0:00:00.00 11:23:14.03 
A B 82:53:48.86 -  0:00:00.00 82:53:48.86 
B A 262:54:18.76 -  0:00:00.00 262:54:18.76 
B D 297:50:23.27 0:00:00.00 297:50:23.27 
B C 342:57:53.55 0:00:00.01 342:57:53.56 
C B 162:57:35.96 0:00:00.01 162:57:35.97 
C A 191:23:26.34 -  0:00:00.00 191:23:26.34 
C D 230:14:42.66 -  0:00:00.00 230:14:42.66 
D C 50:14:07.28 -  0:00:00.02 50:14:07.26 
D B 117:49:30.30 0:00:00.00 117:49:30.30 
D A 143:56:48.02 0:00:00.01 143:56:48.02 
Preglednica 9: Izravnani azimuti (3R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 9), so popravki reduciranih azimutov zelo majhni in s tem lahko potrdimo, 
da so bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela predstavlja zenitne distance v geodetskem koordinatnem sistemu (?̃?𝑠
𝑡
𝐺  ), katere smo 
reducirali z uporabo enačbe (45). Tabela vsebuje tudi popravke zenitnih distanc (𝑣𝑧𝐺)  in izravnane 
zenitne distance (𝑎𝑧𝐺). 
 
OD DO ?̃?𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒗𝒛𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 𝒂𝒛𝒔
𝒕
𝑮
 [𝑫𝑴𝑺] 
A D 98:55:25.23 -  0:00:00.00 98:55:25.23 
A C 92:15:04.31 0:00:00.00 92:15:04.31 
A B 91:34:12.38 0:00:00.00 91:34:12.38 
B A 88:26:17.21 -  0:00:00.00 88:26:17.21 
B D 95:05:24.90 -  0:00:00.00 95:05:24.90 
B C 91:33:06.95 0:00:00.00 91:33:06.95 
C B 88:27:52.19 -  0:00:00.00 88:27:52.19 
C A 87:45:57.11 -  0:00:00.00 87:45:57.11 
C D 94:36:52.66 -  0:00:00.00 94:36:52.66 
D C 85:23:52.59 0:00:00.00 85:23:52.59 
D B 84:55:33.96 0:00:00.00 84:55:33.96 
D A 81:05:13.35 0:00:00.00 81:05:13.35 
Preglednica 10: Izravnane zenitne distance (3R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 10), so popravki zenitnih distanc enaki nič in s tem lahko potrdimo, da so 
bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela predstavlja poševne dolžine v geodetskem koordinatnem sistemu (?̃?𝑠𝑡𝐺 ), ki smo jih 
reducirali z uporabo enačbe (44). Tabela vsebuje tudi popravke poševnih dolžin (𝑣𝑠𝐺)  in izravnane 
poševne dolžine (𝑎𝑠𝐺). 
 
OD DO ?̃?𝒔
𝒕
𝑮
  [𝒎] 𝒗𝒔𝒔
𝒕
𝑮
 [𝒎] 𝒂𝒔𝒔
𝒕
𝑮
 [𝒎] 
A D 1206.95129 0.00000 1206.95129 
A C 1898.12821 0.00000 1898.12821 
A B 917.10527  0.00000 917.10527  
B A 917.10527  0.00000 917.10527  
B D 1829.32032 0.00000 1829.32032 
B C 1826.83668 0.00000 1826.83668 
C B 1826.83668 0.00000 1826.83668 
C A 1898.12821 0.00000 1898.12821 
C D 1404.35653 0.00000 1404.35653 
D C  1404.35653 0.00000  1404.35653 
D B  1829.32032 0.00000  1829.32032 
D A  1206.95129 0.00000  1206.95129 
Preglednica 11: Izravnane poševne dolžine (3R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 11), so popravki poševnih dolžin enaki nič in s tem lahko potrdimo, da so 
bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela prikazuje koordinate točk (𝜑, 𝜆, ℎ), popravke koordinat (∆𝜑, ∆𝜆, ∆ℎ) in izravnane 
koordinate (𝑎𝜑, 𝑎𝜆, 𝑎ℎ) v geodetskem koordinatnem sistemu. Ker izravnavamo prostorsko geodetsko 
mrežo, dobimo popravke koordinat po vseh treh komponentah. 
 
TOČKA 
𝝋 [𝑫𝑴𝑺] 
∆𝝋 [𝒎] 
𝒂𝝋 [𝑫𝑴𝑺] 
𝝀 [𝑫𝑴𝑺] 
∆𝝀 [𝒎] 
𝒂𝝀 [𝑫𝑴𝑺] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
45:30:47.15030 
/ 
/ 
13:37:04.46170 
/ 
/ 
232.87600 
/ 
/ 
B 
45:30:50.81996 
/ 
/ 
13:37:46.37321 
/ 
/ 
207.81300 
/ 
/ 
C 
45:31:47.37393 
0.00000 
45:31:47.37393 
13:37:21.71890 
0.00000 
13:37:21.71890 
158.59860 
0.00000 
158.59860 
D 
45:31:18.37540 
0.00000 
45:31:18.37540 
13:36:32.13200 
0.00000 
13:36:32.13200 
45.76690 
0.00000 
45.76690 
Preglednica 12: Izravnane koordinate točk (3R izravnava geodetske mreže v geodetskem koordinatnem sistemu) 
 
Kot lahko vidimo (Preglednica 12), so koordinatni popravki enaki nič. To je pričakovano in pomeni, da 
reducirane merjene količine popolnoma ustrezajo koordinatam geodetske mreže. 
 
V tem poglavju smo izravnali geodetsko mrežo v trirazsežnem prostorskem sistemu. Vidimo, da so 
popravki reduciranih merjenih količin zelo majhni. To je pričakovan rezultat, saj smo v izravnavi 
uporabili geometrično točne merjene vrednosti. Zaradi tega je pričakovati zelo majhne ali ničelne 
popravke meritev. Iz navedenega lahko sklepamo, da smo merjene količine pravilno reducirali v 
geodetski koordinatni sistem. 
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2.5 IZRAVNAVA GEODETSKE MREŽE V KOORDINATNEM V RAVNINI 
KARTOGRAFSKE PROJEKCIJE 
 
V tem poglavju predstavljamo redukcijo meritev v koordinatni sistem kartografske projekcije in 
izravnavo geodetske mreže v koordinatnem sistemu kartografske projekcije. Ker imamo geometrično 
točne meritve, pričakujemo, da bodo po izravnavi popravki meritev in popravki približnih vrednosti 
koordinat točk enaki nič. 
 
Začnemo z geometrijsko točnimi meritvami (Preglednica 3) in jih reduciramo na koordinatnem sistemu 
kartografske projekcije. Z reduciranimi merjenimi količinami in koordinatami točk (Preglednica 1) 
izravnamo geodetsko mrežo v 2-razsežnem (2R) koordinatnem sistemu kartografske projekcije. 
 
Naslednja tabela predstavlja smerne kote v koordinatnem sistemu kartografske projekcije (?̃?𝑠
𝑡
𝑇𝑀 ), ki smo 
jih reducirali z uporabo enačbe (54). Tabela vsebuje tudi popravke smernih kotov (𝑣𝛼𝑇𝑀) in izravnane 
smerne kote (𝑎𝛼𝑇𝑀). 
 
OD DO ?̃?𝒔
𝒕
𝑻𝑴
 [𝑫𝑴𝑺] 𝒗𝜶𝒔
𝒕
𝑻𝑴
 [𝑫𝑴𝑺] 𝒂𝜶𝒔
𝒕
𝑻𝑴
 [𝑫𝑴𝑺] 
A D 323:57:11.35 0:0:00.00 323:57:11.35 
A C 11:23:14.54 0:0:00.00 11:23:14.54 
A B 82:53:48.89 0:0:00.00 82:53:48.89 
B A 262:54:18.74 0:0:00.00 262:54:18.74 
B D 297:50:23.51 0:0:00.00 297:50:23.51 
B C 342:57:54.03 0:0:00.00 342:57:54.03 
C B 162:57:35.48 0:0:00.00 162:57:35.48 
C A 191:23:25.84 0:0:00.00 191:23:25.84 
C D 230:14:42.42 0:0:00.00 230:14:42.42 
D C 50:14:07.52 0:0:00.00 50:14:07.52 
D B 117:49:30.06 0:0:00.00 117:49:30.06 
D A 143:56:47.75 0:0:00.00 143:56:47.75 
Preglednica 13: Izravnani smerni koti (2R izravnava geodetske mreže v koordinatnem sistemu kartografske 
projekcije) 
 
Kot lahko vidimo (Preglednica 13), so popravki reduciranih smernih kotov enaki nič in s tem lahko 
potrdimo, da so bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela predstavlja horizontalne dolžine v koordinatnem sistemu kartografske projekcije  
(?̃?𝑠
𝑡
𝑇𝑀 ), ki smo jih reducirali z uporabo enačbe (55). Tabela vsebuje tudi popravke horizontalnih dolžin 
(𝑣𝑑𝑇𝑀)  in izravnane horizontalne dolžine (𝑎𝑑𝑇𝑀). 
 
OD DO ?̃?𝒔
𝒕
𝑻𝑴
 [𝒎] 𝒗𝒅𝒔
𝒕
𝑻𝑴
 [𝒎] 𝒂𝒅𝒔
𝒕
𝑻𝑴
 [𝒎] 
A D 1192.38636 0.00000 1192.38636 
A C 1896.69721 0.00000 1896.69721 
A B 916.76973 0.00000 916.76973 
B A 916.76973 0.00000 916.76973 
B D 1822.17117 0.00000 1822.17117 
B C 1826.19706 0.00000 1826.19706 
C B 1826.19706 0.00000 1826.19706 
C A 1896.69721 0.00000 1896.69721 
C D 1399.85526 0.00000 1399.85526 
D C 1399.85526 0.00000 1399.85526 
D B 1822.17117 0.00000 1822.17117 
D A 1192.38636 0.00000 1192.38636 
Preglednica 14: Izravnane horizontalne dolžine (2R izravnava geodetske mreže v koordinatnem sistemu 
kartografske projekcije) 
 
Kot lahko vidimo (Preglednica 14), so popravki reduciranih horizontalnih dolžin enaki nič in s tem lahko 
potrdimo, da so bile merjene količine pravilno reducirane v geodetski koordinatni sistem. 
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Naslednja tabela prikazuje koordinate točk (𝑁, 𝐸, ℎ), popravke koordinat (∆𝑁, ∆𝐸, ∆ℎ) in izravnane 
koordinate (𝑎𝑁, 𝑎𝐸, 𝑎ℎ) v koordinatnem sistemu kartografske projekcije. Ker izravnavamo dvorazsežno 
geodetsko mrežo, dobimo popravke koordinat samo po smeri severa in vzhoda. 
 
TOČKA 
𝑵 [𝒎] 
∆𝑵 [𝒎] 
𝒂𝑵 [𝒎] 
𝑬 [𝒎] 
∆𝑬 [𝒎] 
𝒂𝑬 [𝒎] 
𝒉 [𝒎] 
∆𝒉 [𝒎] 
𝒂𝒉 [𝒎] 
A 
42393.42000 
/ 
/ 
392014.23000 
/ 
/ 
/ 
/ 
/ 
B 
42491.11000 
/ 
/ 
392925.78000 
/ 
/ 
/ 
/ 
/ 
C 
44246.06000 
0.00000 
44246.06000 
392420.66000 
0.00000 
392420.66000 
/ 
/ 
/ 
D 
43369.44000 
0.00000 
43369.44000 
391329.27000 
0.00000 
391329.27000 
/ 
/ 
/ 
Preglednica 15: Izravnane koordinate točk (2R izravnava geodetske mreže v koordinatnem sistemu kartografske 
projekcije) 
 
Kot lahko vidimo (Preglednica 15), so koordinatni popravki enaki nič. To je pričakovano in pomeni, da 
reducirane merjene količine popolnoma ustrezajo koordinatam geodetske mreže. 
 
V tem poglavju smo izravnali geodetsko mrežo v dvorazsežnem ravninskem sistemu. Vidimo, da so 
popravki reduciranih merjenih količin zelo majhni. To je pričakovan rezultat, saj smo v izravnavi 
uporabili geometrično točne merjene vrednosti. Zaradi tega je pričakovati zelo majhne ali ničelne 
popravke meritev. Iz navedenega lahko sklepamo, da smo merjene količine pravilno reducirali v 
koordinatni sistem kartografske projekcije. 
 
 
2.6 PRIMERJAVA IZRAVNAVE GEODETSKE MREŽE V 2R SISTEMU 
 
V tem poglavju primerjamo rezultate 2D geodetske mreže, izravnane v koordinatnem sistemu 
kartografske projekcije in geodetskem koordinatnem sistemu. Primerjamo reducirane meritve in 
izravnane koordinate. Pričakujemo, da bodo koordinate enake ne glede na to, v katerem koordinatnem 
sistemu se izvaja izravnava geodetske mreže. 
 
Primerjava rezultatov se navezuje na poglavja, kjer smo že izravnali geodetske mrežo v koordinatnem 
sistemu kartografske projekcije (poglavje 2.5) in v geodetskem koordinatnem sistemu (poglavje 2.3).  
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Naslednja tabela združuje vrednosti azimutov iz dveh izravnav geodetske mreže. Prvi azimut oz. smerni 
kot (?̃?𝑠
𝑡
𝑇𝑀) je reduciran v koordinatni sistem kartografske projekcije (Preglednica 13), drugi azimut pa 
(?̃?𝑠
𝑡
𝐺
) v geodetski koordinatni sistem (Preglednica 6). 
 
OD DO 
?̃?𝒔
𝒕
𝑻𝑴
 
𝒗𝜶𝒔
𝒕
𝑻𝑴
 
?̃?𝒔
𝒕
𝑮
 
𝒗𝜶𝒔
𝒕
𝑮
 
𝒗𝜶𝒔
𝒕
𝑻𝑴
− 𝒗𝜶𝒔
𝒕
𝑮
 
A D 
324:56:21.29 
0:00:00.00 
323:57:11.08 
  0:00:00.00 
0:00:00.00 
A C 
 12:22:24.48 
0:00:00.00 
11:23:14.03 
 0:00:00.00 
0:00:00.00 
A B 
 83:52:58.83 
0:00:00.00 
  82:53:48.86 
-  0:00:00.00 
0:00:00.00 
B A 
263:52:58.83 
0:00:00.00 
262:54:18.76 
-  0:00:00.00 
0:00:00.00 
B D 
298:49:03.60 
0:00:00.00 
297:50:23.27 
  0:00:00.00 
0:00:00.00 
B C 
343:56:34.13 
0:00:00.00 
342:57:53.55 
  0:00:00.00 
0:00:00.00 
C B 
163:56:34.13 
0:00:00.00 
162:57:35.96 
  0:00:00.01 
-  0:00:00.01 
C A 
192:22:24.48 
0:00:00.00 
191:23:26.34 
-  0:00:00.01 
0:00:00.01 
C D 
231:13:41.06 
0:00:00.00 
230:14:42.66 
-  0:00:00.00 
0:00:00.00 
D C 
 51:13:41.06 
0:00:00.00 
  50:14:07.28 
-  0:00:00.01 
0:00:00.01 
D B 
118:49:03.60 
0:00:00.00 
117:49:30.30 
  0:00:00.00 
0:00:00.00 
D A 
144:56:21.29 
0:00:00.00 
143:56:48.02 
  0:00:00.00 
0:00:00.00 
Preglednica 16: Primerjava azimutov/smernih kotov v geodetskem in koordinatnem sistemu kartografske 
projekcije 
 
Primerjali smo vrednosti azimutov, ki smo jih reducirali v koordinatni sistem kartografske projekcije  in 
geodetski koordinatni sistem. Vidimo lahko, da so vhodni azimuti (?̃?𝑠
𝑡
𝑇𝑀) in (?̃?𝑠
𝑡
𝐺) različni. To 
pričakovano in je posledica redukcije merjenih količin na ravnino projekcije, ki je bila opisana v 
poglavju 2.3. 
 
Najvišja razlika med vhodnima vrednostma azimutov (?̃?𝑠𝑡𝑇𝑀) in (?̃?𝑠
𝑡
𝐺) je med točko D in C z vrednostjo 
0⁰ 59' 33.79''. Prav tako lahko opazimo, da je razlika v popravku med vrednostmi azimutov v 
koordinatnem sistemu kartografske projekcije (𝑣𝛼𝑠
𝑡
𝑇𝑀) in v geodetskem koordinatnem sistemu (𝑣𝛼𝑠
𝑡
𝐺), 
zelo majhna (zanemarljiva) z vrednostjo 0,01 ločnih sekund (''). 
 
Na podlagi razlik popravkov vrednosti azimutov lahko sklepamo, da pri pravilni redukciji merjenih 
količin ni pomembno, v katerem koordinatnem sistemu izravnavamo geodetsko mrežo. 
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Naslednja tabela združuje vrednosti horizontalnih dolžin iz dveh izravnav geodetske mreže. Prva 
horizontalna dolžina (?̃?𝑠𝑡𝑇𝑀) je reducirana v koordinatni sistem kartografske projekcije (Preglednica 14) 
in druga (?̃?𝑠
𝑡
𝐺)  v geodetski koordinatni sistem (Preglednica 7). 
 
OD DO 
?̃?𝒔
𝒕
𝑻𝑴
 
𝒗𝒅𝒔
𝒕
𝑻𝑴
 
?̃?𝒔
𝒕
𝑮
 
𝒗𝒅𝒔
𝒕
𝑮
 
𝒗𝒅𝒔
𝒕
𝑻𝑴
− 𝒗𝒅𝒔
𝒕
𝑮
 
A D 
1192.38636 
   0.00000 
1192.33362 
  -0.00000 
0.00000 
A C 
1896.69721 
   0.00000 
1896.61606 
  -0.00000 
0.00000 
A B 
916.76973 
 -0.00000 
916.73112 
  0.00000 
0.00000 
B A 
916.76973 
  -0.00000 
916.73112 
  0.00000 
0.00000 
B D 
1822.17117 
  -0.00000 
1822.09277 
   0.00000 
0.00000 
B C 
1826.19706 
  -0.00000 
1826.12113 
  -0.00000 
0.00000 
C B 
1826.19706 
  -0.00000 
1826.12113 
  -0.00000 
0.00000 
C A 
1896.69721 
   0.00000 
1896.61606 
  -0.00000 
0.00000 
C D 
1399.85526 
  -0.00000 
1399.79410 
   0.00000 
0.00000 
D C 
1399.85526 
   0.00000 
1399.79410 
   0.00000 
0.00000 
D B 
1822.17117 
  -0.00000 
1822.09277 
   0.00000 
0.00000 
D A 
1192.38636 
   0.00000 
1192.33362 
  -0.00000 
0.00000 
Preglednica 17: Primerjava horizontalnih dolžin v geodetskem in koordinatnem sistemu kartografske projekcije 
 
Primerjali smo horizontalne dolžine, ki smo jih reducirali v koordinatni sistem kartografske projekcije 
in geodetski koordinatni sistem. Vidimo lahko, da so horizontalne dolžine (?̃?𝑠𝑡𝑇𝑀) in (?̃?𝑠
𝑡
𝐺) različne. To 
je pričakovano in je posledica redukcije merjenih količin na ravnino projekcije, ki je bila opisana v 
poglavju 2.3. 
 
Najvišja razlika med vhodnima horizontalnima dolžinama (?̃?𝑠𝑡𝑇𝑀) in (?̃?𝑠
𝑡
𝐺) je med točko A in C z 
vrednostjo 8,1 centimetra. Prav tako lahko opazimo, da je razlika v popravku med horizontalnimi 
dolžinami v koordinatnem sistemu kartografske projekcije (𝑣𝛼𝑠𝑡 𝑇𝑀) in v geodetskem (𝑣𝛼𝑠
𝑡
𝐺) 
koordinatnem sistemu enaka nič. 
 
Na podlagi razlik popravkov horizontalnih dolžin lahko sklepamo, da pri pravilni redukciji merjenih 
količin ni pomembno, v katerem koordinatnem sistemu izravnavamo geodetsko mrežo. 
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Naslednja tabela prikazuje izravnane koordinate točk v koordinatnem sistemu kartografske projekcije 
(Preglednica 15) in geodetskem koordinatnem sistemu (Preglednica 8), ki so bile preslikane (poglavje 2.3) 
z uporabo iste projekcije kot v koordinatnem sistemu kartografske projekcije. 
 
TOČKA 
𝑵𝑻𝑴[𝒎] 
∆𝑵𝑻𝑴[𝒎] 
𝒂𝑵𝑻𝑴[𝒎] 
𝑬𝑻𝑴[𝒎] 
∆𝑬𝑻𝑴[𝒎] 
𝒂𝑬𝑻𝑴[𝒎] 
𝑵𝑮[𝒎] 
∆𝑵𝑮[𝒎] 
𝒂𝑵𝑮[𝒎] 
𝑬𝑮[𝒎] 
∆𝑬𝑮[𝒎] 
𝒂𝑬𝑮[𝒎] 
A 
42393.42000 
/ 
/ 
392014.23000 
/ 
/ 
42393.42000 
/ 
/ 
392014.23000 
/ 
/ 
B 
42491.11000 
/ 
/ 
392925.78000 
/ 
/ 
42491.11000 
/ 
/ 
392925.78000 
/ 
/ 
C 
44246.06000 
0.00000 
44246.06000 
392420.66000 
0.00000 
392420.66000 
44246.06000 
0.00000 
44246.06000 
392420.66000 
0.00000 
392420.66000 
D 
43369.44000 
0.00000 
43369.44000 
391329.27000 
0.00000 
391329.27000 
43369.44000 
0.00000 
43369.44000 
391329.27000 
0.00000 
391329.27000 
Preglednica 18: Primerjava koordinat točk v geodetskem koordinatnem sistemu in koordinatnem sistemu 
kartografske projekcije 
 
Kot lahko vidimo (Preglednica 18), so izravnane koordinate enake. To je pričakovano in lahko potrdimo, 
da pri pravilni redukciji merjenih količin ni pomembno, v katerem koordinatnem sistemu izvajamo 
izravnavo geodetske mreže. Vedno dobimo isti rezultat. 
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3 ZAKLJUČKI 
 
Izravnava geodetske mreže je ena najpomembnejših nalog v geodetski praksi. Geodetsko mrežo lahko 
izravnamo v eno (1R), dvo (2R) ali trirazsežnem (3R) prostoru in v različnih koordinatnih sistemih. 
Pokazali smo, da z uporabo ustreznih redukcij merjenih količin pridobimo enake koordinate točk ne 
glede na to, v katerem koordinatnem sistemu določamo koordinate točk. To pomeni, da so rezultati 
izravnave geodetske mreže neodvisni od koordinatnega sistema. 
 
 Najpomembnejši del izravnave geodetskih mrež je redukcija merjenih količin. Različne vrste meritev 
zahtevajo različne redukcije. Pri redukciji meritev iz lokalnega astronomskega v lokalni geodetski 
koordinatni sistem reduciramo le azimut in zenitno razdaljo. Poševna dolžina se ne reducira. Pri redukcij 
meritev iz lokalnega geodetskega v geodetski koordinatni sistem se reducira le azimut, redukcije so 
majhne in pogosto zanemarjene. Poševna dolžina in zenitna razdalja se ne reducirata. Redukcija 
horizontalne dolžina je bolj zapletena. Pri izračunu horizontalne dolžine na referenčnem elipsoidu 
moramo imeti na razpolago zelo dobre koordinate točk. Enako velja, če reduciramo azimut in 
horizontalno dolžino na projekcijsko ravnino. Glede na enačbe, ki smo jih zapisali, lahko vidimo, da 
lahko s slabšimi koordinatami točk hitro pridelamo sistematične napake, ki se odražajo v rezultatih 
izravnave geodetske mreže. 
 
Postopki izravnave geodetskih mrež so se razvijali skozi čas. Pred dobo računalništva smo v praktični 
geodeziji redko uporabljali izravnavo geodetske mreže. Proces izravnave geodetske mreže je bil bolj 
prisoten v nacionalnih geodetskih uradih za izračun koordinat točk na nacionalni ravni in na 
znanstvenem področju. Izravnava geodetske mreže v koordinatnem sistemu kartografske projekcije se 
je delila tudi na izravnavo v višinskem (1R) in ravninskem (2R) sistemu. 
 
V računalniški dobi so se stvari bistveno spremenile. Izravnava geodetske mreže se v geodetski praksi 
uporablja bolj pogosto. Večina izravnav se danes izvaja z uporabo računalniških programov, zato 
izvajanje kompleksnih izračunov ni več problem. 
 
Geodetsko mrežo v prostorskem (3R) sistemu lahko izravnamo na podlagi osnovnih terestričnih meritev 
(poševne dolžine, horizontalne smeri, zenitne distance) neposredno v geodetskem koordinatnem 
sistemu, namesto da bi jih še dodatno zmanjšali na površino referenčnega elipsoida ali na ravnino 
kartografske projekcije. To nam omogoča, da imamo opravka le z osnovnimi terestričnimi meritvami in 
ne potrebujemo nadaljnjih redukcij, da bi dobili višinsko razliko ali horizontalno razdaljo. 
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V dobi računalništva lahko govorimo tudi o globalizaciji geodezije. GNSS tehnologija zahteva, da 
definiramo in uporabljamo le en skupni globalni geodetski referenčni koordinatni sistem. Združevanje 
terestričnih meritev z meritvami GNSS v koordinatnem sistemu kartografske projekcije je možno le z 
ustreznimi redukcijami in poenostavitvami. Tega pri izravnavi geodetske mreže v geodetskem 
koordinatnem sistemu ni, saj lahko GNSS in terestrične meritve izravnamo brez redukcij. 
 
Pokazali smo, da ni pomembno, v katerem koordinatnem sistemu izvajamo izravnavo geodetske mreže, 
če uporabljamo ustrezne redukcije meritev. V smislu pogleda na prihodnost geodezije bi bilo primerno, 
da izravnavo geodetske mreže izvajamo v geodetskem koordinatnem sistemu. Ponuja nam preprostejšo 
rešitev za skupno uporabo terestričnih meritev in GNSS tehnologije. Ko potrebujemo koordinate točk v 
koordinatnem sistemu kartografske projekcije, lahko to naredimo še vedno in koordinate točke 
preslikamo v koordinatni sistem kartografske projekcije. 
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A1 
 
ATTACHMENT 1:  1D GEODETIC NETWORK ADJUSTMENT IN THE GEODETIC 
COORDINATE SYSTEM 
========================================================================================== 
HEIGHT DIFFERENCE                                                                                    
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                               112.8317               0.002      
                                                               -0.0000                   /      
                                                              112.8317                   /     
 
0         D                   B                               162.0461               0.002      
                                                               -0.0000                   /      
                                                              162.0461                   /     
 
0         D                   A                               187.1091               0.002      
                                                               -0.0000                   /      
                                                              187.1091                   /     
 
0         C                   B                                49.2144               0.002      
                                                               -0.0000                   /      
                                                               49.2144                   /     
 
0         C                   A                                74.2774               0.002      
                                                               -0.0000                   /      
                                                               74.2774                   /     
 
0         C                   D                              -112.8317               0.002      
                                                               -0.0000                   /      
                                                             -112.8317                   /     
 
0         B                   A                                25.0630               0.002      
                                                               -0.0000                   /      
                                                               25.0630                   /     
 
0         B                   D                              -162.0461               0.002      
                                                               -0.0000                   /      
                                                             -162.0461                   /     
 
0         B                   C                               -49.2144               0.002      
                                                               -0.0000                   /      
                                                              -49.2144                   /     
 
0         A                   D                              -187.1091               0.002      
                                                               -0.0000                   /      
                                                             -187.1091                   /     
 
0         A                   C                               -74.2774               0.002      
                                                               -0.0000                   /      
                                                              -74.2774                   /     
 
0         A                   B                               -25.0630               0.002      
                                                               -0.0000                   /      
                                                              -25.0630                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
POINTS (G)                                                                                 
------------------------------------------------------------------------------------------ 
S                                             FI                   LA                    H 
                                             vFI                  vLA                   vH 
                                             aFI                  aLA                   aH 
------------------------------------------------------------------------------------------ 
D                                     ?:?:0    ?           ?:?:0    ?             45.76690      
                                               ?                    ?             -0.00000      
                                      ?:?:0    ?           ?:?:0    ?             45.76690     
 
C                                     ?:?:0    ?           ?:?:0    ?            158.59860      
                                               ?                    ?             -0.00000      
                                      ?:?:0    ?           ?:?:0    ?            158.59860     
 
B                                 45:30:50.81996       13:37:46.37321            207.81300      
                                         0.00000              0.00000              0.00000      
                                  45:30:50.81996       13:37:46.37321            207.81300     
 
A                                 45:30:47.15030       13:37:04.46170            232.87600      
                                         0.00000              0.00000              0.00000      
                                  45:30:47.15030       13:37:04.46170            232.87600 
------------------------------------------------------------------------------------------ 
 
========================================================================================== 
POINTS (P)                                                                                 
------------------------------------------------------------------------------------------ 
S                                              N                    E                    H 
                                              vN                   vE                   vH 
                                              aN                   aE                   aH 
------------------------------------------------------------------------------------------ 
D                                              ?                    ?             45.76690      
                                               ?                    ?             -0.00000      
                                               ?                    ?             45.76690     
 
C                                              ?                    ?            158.59860      
                                               ?                    ?             -0.00000      
                                               ?                    ?            158.59860     
 
B                                    42491.11000         392925.78000            207.81300      
                                         0.00000              0.00000              0.00000      
                                     42491.11000         392925.78000            207.81300     
 
A                                    42393.42000         392014.23000            232.87600      
                                         0.00000              0.00000              0.00000      
                                     42393.42000         392014.23000            232.87600 
------------------------------------------------------------------------------------------ 
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ATTACHMENT 2:  2D GEODETIC NETWORK ADJUSTMENT IN THE GEODETIC 
COORDINATE SYSTEM 
========================================================================================== 
HORIZONTAL DISTANCE                                                                        
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                              1399.7941               0.002 
                                                               -0.0000                   / 
                                                             1399.7941                   / 
 
0         D                   B                              1822.0928               0.002 
                                                                0.0000                   / 
                                                             1822.0928                   / 
 
0         D                   A                              1192.3336               0.002 
                                                               -0.0000                   / 
                                                             1192.3336                   / 
 
0         C                   B                              1826.1211               0.002 
                                                               -0.0000                   / 
                                                             1826.1211                   / 
 
0         C                   A                              1896.6161               0.002 
                                                                0.0000                   / 
                                                             1896.6161                   / 
 
0         C                   D                              1399.7941               0.002 
                                                               -0.0000                   / 
                                                             1399.7941                   / 
 
0         B                   A                               916.7311               0.002 
                                                                0.0000                   / 
                                                              916.7311                   / 
 
0         B                   D                              1822.0928               0.002 
                                                                0.0000                   / 
                                                             1822.0928                   / 
 
0         B                   C                              1826.1211               0.002 
                                                               -0.0000                   / 
                                                             1826.1211                   / 
 
0         A                   D                              1192.3336               0.002 
                                                               -0.0000                   / 
                                                             1192.3336                   / 
 
0         A                   C                              1896.6161               0.002 
                                                                0.0000                   / 
                                                             1896.6161                   / 
 
0         A                   B                               916.7311               0.002 
                                                                0.0000                   / 
                                                              916.7311                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
AZIMUTH                                                                                    
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                            50:14:07.28          0:00:02.00 
                                                         -  0:00:00.01                   / 
                                                           50:14:07.27                   / 
 
0         D                   B                           117:49:30.30          0:00:02.00 
                                                            0:00:00.00                   / 
                                                          117:49:30.30                   / 
 
0         D                   A                           143:56:48.02          0:00:02.00 
                                                            0:00:00.00                   / 
                                                          143:56:48.02                   / 
 
0         C                   B                           162:57:35.96          0:00:02.00 
                                                            0:00:00.01                   / 
                                                          162:57:35.97                   / 
 
0         C                   A                           191:23:26.34          0:00:02.00 
                                                         -  0:00:00.01                   / 
                                                          191:23:26.34                   / 
 
0         C                   D                           230:14:42.66          0:00:02.00 
                                                         -  0:00:00.00                   / 
                                                          230:14:42.66                   / 
 
0         B                   A                           262:54:18.76          0:00:02.00 
                                                         -  0:00:00.00                   / 
                                                          262:54:18.76                   / 
 
0         B                   D                           297:50:23.27          0:00:02.00 
                                                            0:00:00.00                   / 
                                                          297:50:23.27                   / 
 
0         B                   C                           342:57:53.55          0:00:02.00 
                                                            0:00:00.00                   / 
                                                          342:57:53.55                   / 
 
0         A                   D                           323:57:11.08          0:00:02.00 
                                                            0:00:00.00                   / 
                                                          323:57:11.08                   / 
 
0         A                   C                            11:23:14.03          0:00:02.00 
                                                            0:00:00.00                   / 
                                                           11:23:14.03                   / 
 
0         A                   B                            82:53:48.86          0:00:02.00 
                                                         -  0:00:00.00                   / 
                                                           82:53:48.86                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
POINTS (G)                                                                                 
------------------------------------------------------------------------------------------ 
S                                             FI                   LA                    H 
                                             vFI                  vLA                   vH 
                                             aFI                  aLA                   aH 
------------------------------------------------------------------------------------------ 
D                                 45:31:18.37540       13:36:32.13200                    ? 
                                        -0.00000              0.00000                    ? 
                                  45:31:18.37540       13:36:32.13200                    ? 
 
C                                 45:31:47.37393       13:37:21.71890                    ? 
                                        -0.00000              0.00000                    ? 
                                  45:31:47.37393       13:37:21.71890                    ? 
 
B                                 45:30:50.81996       13:37:46.37321            207.81300 
                                         0.00000              0.00000              0.00000 
                                  45:30:50.81996       13:37:46.37321            207.81300 
 
A                                 45:30:47.15030       13:37:04.46170            232.87600 
                                         0.00000              0.00000              0.00000 
                                  45:30:47.15030       13:37:04.46170            232.87600 
------------------------------------------------------------------------------------------ 
 
========================================================================================== 
POINTS (P)                                                                                 
------------------------------------------------------------------------------------------ 
S                                              N                    E                    H 
                                              vN                   vE                   vH 
                                              aN                   aE                   aH 
------------------------------------------------------------------------------------------ 
D                                    43369.44000         391329.27000                    ? 
                                        -0.00000              0.00000                    ? 
                                     43369.44000         391329.27000                    ? 
 
C                                    44246.06000         392420.66000                    ? 
                                        -0.00000              0.00000                    ? 
                                     44246.06000         392420.66000                    ? 
 
B                                    42491.11000         392925.78000            207.81300 
                                         0.00000              0.00000              0.00000 
                                     42491.11000         392925.78000            207.81300 
 
A                                    42393.42000         392014.23000            232.87600 
                                         0.00000              0.00000              0.00000 
                                     42393.42000         392014.23000            232.87600 
------------------------------------------------------------------------------------------ 
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ATTACHMENT 3:  3D GEODETIC NETWORK ADJUSTMENT IN THE GEODETIC 
COORDINATE SYSTEM 
 
========================================================================================== 
SLOPE DISTANCE                                                                                       
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                              1404.3565               0.002      
                                                               -0.0000                   /      
                                                             1404.3565                   /     
 
0         D                   B                              1829.3203               0.002      
                                                                0.0000                   /      
                                                             1829.3203                   /     
 
0         D                   A                              1206.9513               0.002      
                                                               -0.0000                   /      
                                                             1206.9513                   /     
 
0         C                   B                              1826.8367               0.002      
                                                               -0.0000                   /      
                                                             1826.8367                   /     
 
0         C                   A                              1898.1282               0.002      
                                                                0.0000                   /      
                                                             1898.1282                   /     
 
0         C                   D                              1404.3565               0.002      
                                                               -0.0000                   /      
                                                             1404.3565                   /     
 
0         B                   A                               917.1053               0.002      
                                                               -0.0000                   /      
                                                              917.1053                   /     
 
0         B                   D                              1829.3203               0.002      
                                                                0.0000                   /      
                                                             1829.3203                   /     
 
0         B                   C                              1826.8367               0.002      
                                                               -0.0000                   /      
                                                             1826.8367                   /     
 
0         A                   D                              1206.9513               0.002      
                                                               -0.0000                   /      
                                                             1206.9513                   /     
 
0         A                   C                              1898.1282               0.002      
                                                                0.0000                   /      
                                                             1898.1282                   /     
 
0         A                   B                               917.1053               0.002      
                                                               -0.0000                   /      
                                                              917.1053                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
AZIMUTH                                                                                              
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                            50:14:07.28          0:00:02.00      
                                                         -  0:00:00.01                   /      
                                                           50:14:07.26                   /     
 
0         D                   B                           117:49:30.30          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          117:49:30.30                   /     
 
0         D                   A                           143:56:48.02          0:00:02.00      
                                                            0:00:00.01                   /      
                                                          143:56:48.02                   /     
 
0         C                   B                           162:57:35.96          0:00:02.00      
                                                            0:00:00.01                   /      
                                                          162:57:35.97                   /     
 
0         C                   A                           191:23:26.34          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                          191:23:26.34                   /     
 
0         C                   D                           230:14:42.66          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                          230:14:42.66                   /     
 
0         B                   A                           262:54:18.76          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                          262:54:18.76                   /     
 
0         B                   D                           297:50:23.27          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          297:50:23.27                   /     
 
0         B                   C                           342:57:53.55          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          342:57:53.56                   /     
 
0         A                   D                           323:57:11.08          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          323:57:11.09                   /     
 
0         A                   C                            11:23:14.03          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           11:23:14.03                   /     
 
0         A                   B                            82:53:48.86          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           82:53:48.86                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
ZENITH DISTANCE                                                                                      
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                            85:23:52.59          0:00:02.00      
                                                            0:00:00.00                   /      
                                                           85:23:52.59                   /     
 
0         D                   B                            84:55:33.96          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           84:55:33.96                   /     
 
0         D                   A                            81:05:13.35          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           81:05:13.35                   /     
 
0         C                   B                            88:27:52.19          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           88:27:52.19                   /     
 
0         C                   A                            87:45:57.11          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           87:45:57.11                   /     
 
0         C                   D                            94:36:52.66          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           94:36:52.66                   /     
 
0         B                   A                            88:26:17.21          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           88:26:17.21                   /     
 
0         B                   D                            95:05:24.90          0:00:02.00      
                                                            0:00:00.00                   /      
                                                           95:05:24.90                   /     
 
0         B                   C                            91:33:06.95          0:00:02.00      
                                                            0:00:00.00                   /      
                                                           91:33:06.95                   /     
 
0         A                   D                            98:55:25.23          0:00:02.00      
                                                            0:00:00.00                   /      
                                                           98:55:25.23                   /     
 
0         A                   C                            92:15:04.31          0:00:02.00      
                                                            0:00:00.00                   /      
                                                           92:15:04.31                   /     
 
0         A                   B                            91:34:12.38          0:00:02.00      
                                                            0:00:00.00                   /      
                                                           91:34:12.38                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
POINTS (G)                                                                                 
------------------------------------------------------------------------------------------ 
S                                             FI                   LA                    H 
                                             vFI                  vLA                   vH 
                                             aFI                  aLA                   aH 
------------------------------------------------------------------------------------------ 
D                                 45:31:18.37540       13:36:32.13200             45.76690      
                                        -0.00000             -0.00000             -0.00000      
                                  45:31:18.37540       13:36:32.13200             45.76690     
 
C                                 45:31:47.37393       13:37:21.71890            158.59860      
                                        -0.00000             -0.00000             -0.00000      
                                  45:31:47.37393       13:37:21.71890            158.59860     
 
B                                 45:30:50.81996       13:37:46.37321            207.81300      
                                         0.00000              0.00000              0.00000      
                                  45:30:50.81996       13:37:46.37321            207.81300     
 
A                                 45:30:47.15030       13:37:04.46170            232.87600      
                                         0.00000              0.00000              0.00000      
                                  45:30:47.15030       13:37:04.46170            232.87600 
------------------------------------------------------------------------------------------ 
 
========================================================================================== 
POINTS (P)                                                                                 
------------------------------------------------------------------------------------------ 
S                                              N                    E                    H 
                                              vN                   vE                   vH 
                                              aN                   aE                   aH 
------------------------------------------------------------------------------------------ 
D                                    43369.44000         391329.27000             45.76690      
                                        -0.00000             -0.00000             -0.00000      
                                     43369.44000         391329.27000             45.76690     
 
C                                    44246.06000         392420.66000            158.59860      
                                        -0.00000             -0.00000             -0.00000      
                                     44246.06000         392420.66000            158.59860     
 
B                                    42491.11000         392925.78000            207.81300      
                                         0.00000              0.00000              0.00000      
                                     42491.11000         392925.78000            207.81300     
 
A                                    42393.42000         392014.23000            232.87600      
                                         0.00000              0.00000              0.00000      
                                     42393.42000         392014.23000            232.87600 
------------------------------------------------------------------------------------------ 
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ATTACHMENT 4:  2D GEODETIC NETWORK ADJUSTMENT IN THE PROJECTED 
COORDINATE SYSTEM 
 
========================================================================================== 
HORIZONTAL DISTANCE                                                                        
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                              1399.8553               0.002 
                                                               -0.0000                   / 
                                                             1399.8553                   / 
 
0         D                   B                              1822.1712               0.002 
                                                                0.0000                   / 
                                                             1822.1712                   / 
 
0         D                   A                              1192.3864               0.002 
                                                               -0.0000                   / 
                                                             1192.3864                   / 
 
0         C                   B                              1826.1971               0.002 
                                                               -0.0000                   / 
                                                             1826.1971                   / 
 
0         C                   A                              1896.6972               0.002 
                                                                0.0000                   / 
                                                             1896.6972                   / 
 
0         C                   D                              1399.8553               0.002 
                                                               -0.0000                   / 
                                                             1399.8553                   / 
 
0         B                   A                               916.7697               0.002 
                                                               -0.0000                   / 
                                                              916.7697                   / 
 
0         B                   D                              1822.1712               0.002 
                                                                0.0000                   / 
                                                             1822.1712                   / 
 
0         B                   C                              1826.1971               0.002 
                                                               -0.0000                   / 
                                                             1826.1971                   / 
 
0         A                   D                              1192.3864               0.002 
                                                               -0.0000                   / 
                                                             1192.3864                   / 
 
0         A                   C                              1896.6972               0.002 
                                                                0.0000                   / 
                                                             1896.6972                   / 
 
0         A                   B                               916.7697               0.002 
                                                               -0.0000                   / 
                                                              916.7697                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
AZIMUTH                                                                                              
------------------------------------------------------------------------------------------ 
ID        S                   T                                    MES                 STD 
                                                                  vMES                vSTD 
                                                                  aMES                aSTD 
------------------------------------------------------------------------------------------ 
0         D                   C                            50:14:07.28          0:00:02.00      
                                                         -  0:00:00.01                   /      
                                                           50:14:07.27                   /     
 
0         D                   B                           117:49:30.30          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          117:49:30.30                   /     
 
0         D                   A                           143:56:48.02          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          143:56:48.02                   /     
 
0         C                   B                           162:57:35.96          0:00:02.00      
                                                            0:00:00.01                   /      
                                                          162:57:35.97                   /     
 
0         C                   A                           191:23:26.34          0:00:02.00      
                                                         -  0:00:00.01                   /      
                                                          191:23:26.34                   /     
 
0         C                   D                           230:14:42.66          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                          230:14:42.66                   /     
 
0         B                   A                           262:54:18.76          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                          262:54:18.76                   /     
 
0         B                   D                           297:50:23.27          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          297:50:23.27                   /     
 
0         B                   C                           342:57:53.55          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          342:57:53.55                   /     
 
0         A                   D                           323:57:11.08          0:00:02.00      
                                                            0:00:00.00                   /      
                                                          323:57:11.08                   /     
 
0         A                   C                            11:23:14.03          0:00:02.00      
                                                            0:00:00.00                   /      
                                                           11:23:14.03                   /     
 
0         A                   B                            82:53:48.86          0:00:02.00      
                                                         -  0:00:00.00                   /      
                                                           82:53:48.86                   / 
------------------------------------------------------------------------------------------ 
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========================================================================================== 
POINTS (P)                                                                                 
------------------------------------------------------------------------------------------ 
S                                              N                    E                    H 
                                              vN                   vE                   vH 
                                              aN                   aE                   aH 
------------------------------------------------------------------------------------------ 
D                                    43369.44000         391329.27000                    ? 
                                        -0.00000             -0.00000                    ? 
                                     43369.44000         391329.27000                    ? 
 
C                                    44246.06000         392420.66000                    ? 
                                         0.00000              0.00000                    ? 
                                     44246.06000         392420.66000                    ? 
 
B                                    42491.11000         392925.78000            207.81300 
                                         0.00000              0.00000              0.00000 
                                     42491.11000         392925.78000            207.81300 
 
A                                    42393.42000         392014.23000            232.87600 
                                         0.00000              0.00000              0.00000 
                                     42393.42000         392014.23000            232.87600 
------------------------------------------------------------------------------------------ 
 
 
 
 
